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DNA repair following UV disinfection is a potential problem in the use of UV 
disinfection technology for drinking water treatment. In this thesis, photoreactivation and 
dark repair of Escherichia coli following UV disinfection were examined at the cellular 
and sub-cellular levels.  
 
At the cellular level, the repair abilities of various E. coli strains with different 
characteristics were studied and compared to that of pathogenic E. coli O157:H7. Up to 
80% log repair was achieved with photoreactivation, while dark repair resulted in a 
maximum of 25% log repair. Based on repair rates, E. coli ATCC 15597 and ATCC 
11229 were selected as the photoreactivation and dark repair indicators, respectively, 
following both low-pressure (LP) and medium-pressure (MP) UV disinfection. These 
indicators were also assessed for their photoreactivation levels under varying conditions 
of temperature and light intensity. E. coli ATCC 15597 was shown to achieve higher 
photoreactivation levels than E. coli ATCC 11229 under all conditions tested. 
Photoreactivation with fluorescent lights was also higher than that with high intensity 
sunlight due to the germicidal effects of sunlight, suggesting that photoreactivation levels 
in the natural environment could be overestimated when photoreactivation studies were 
conducted with fluorescent lights. Temperature affected photoreactivation to a lesser 
extent than light intensity, although it was observed that higher photoreactivation levels 
were achieved at incubation temperatures close to the optimum growth temperatures of E. 
coli. The results were similar for both LP and MP UV disinfection.
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On the sub-cellular level, repair of DNA was analyzed using the endonuclease sensitive 
site (ESS) assay. The results showed that the UV radiation-induced dimers were removed 
continuously with time after UV irradiation. This confirms that the increase in E. coli 
concentrations observed in the cellular level study was a result of the repair of dimers in 
DNA. Light repair was also confirmed to be more efficient than dark repair in the 
removal of dimers.  
 
Other than the molecular level study, the photoreactivating enzyme, photolyase, was 
extracted and purified from E. coli, and assessed for its dimer repair ability in vitro 
following exposure to LP and MP UV disinfection. The dimer repair rates of photolyase 
were unaffected by LP UV disinfection up to a UV dose of 10 mJ/cm2, after which the 
rates started to decrease with increasing UV doses up to 40 mJ/cm2. On the other hand, 
photolyase exposed to MP UV radiation showed an immediate decrease in dimer repair 
rates which leveled off so that the dimer repair rates were similar to that of LP-irradiated 
photolyase at 40 mJ/cm2. The results suggest that there is an adverse effect of UV 
radiation on dimer repair by photolyase, which most likely led to the decreased 
photoreactivation levels at high UV doses and with MP UV radiation. Several 
wavelengths (254, 266, 280 and 365 nm) were also filtered from MP UV radiation and 
used to irradiate photolyase at intensities ranging from 0.03 to 0.20 mW/cm2. Dimer 
repair rates of photolyase exposed to wavelengths less than 300 nm decreased with UV 
dose. Radiation at 365 nm appeared to enhance dimer repair rates at low intensities, and 
then reduced dimer repair rates at higher intensities. The results here imply that 
photoreactivation suppression by MP UV radiation was not attributed to a single 
Abstract 
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wavelength, but is most likely due to the combined exposure to a broad spectrum of 
radiation.  
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Chapter 1   Introduction 
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CHAPTER 1 INTRODUCTION 
 
1.1 Disinfection in Drinking Water Treatment 
Water is one of the most important commodities that are necessary for human survival. 
Unfortunately, it is also one of the most common modes of transmission of disease-
causing agents. In the past, the consumption of non-treated or non-disinfected water were 
the main causes of major outbreaks of diseases such as typhoid and cholera, resulting in 
thousands of deaths worldwide in the 1800s and 1900s. In the late 1800s, it was 
discovered that the occurrence of these diseases were linked to the consumption of ‘dirty 
water’, which contained disease-causing agents. This finding led to the use of 
disinfectants in order to combat epidemics, which was successfully accomplished in 
Chicago in 1908 to contain a typhoid outbreak. Since then, water disinfection has become 
an integral part of potable water treatment. The main objective of disinfection is to reduce 
pathogen concentrations to levels that will not cause adverse effects on human beings 
upon ingestion of, or exposure to, the water. It is usually implemented at the ending 
stages of the treatment train to serve as a final barrier between human beings and 
waterborne diseases. Therefore, having an appropriate disinfection technology can 
prevent the occurrence and spread of water-related diseases, thereby minimizing public 
health problems. 
 
1.2 The Need for Alternative Disinfectants 
Ever since disinfection was first introduced in water treatment, chlorine has remained the 
most commonly used disinfectant. This is mainly because chlorine is a by-product of 
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many industrial processes and is thus readily available at low cost. It has also been easily 
implemented on a large-scale in water treatment plants. However, the use of chlorine for 
disinfection has come under close scrutiny in recent decades due to the publication of a 
report in the mid-1970s which showed that the reaction of chlorine with organic 
compounds in water can produce by-products such as trihalomethanes (THMs) which 
may be carcinogenic. The possible long-term adverse health effects of these by-products 
have prompted the enforcement of stricter regulations with regards to disinfection by-
product (DBP) levels in drinking water, and have subsequently affected the use of 
chlorine as a disinfectant. In addition, there has also been an emergence of chlorine-
resistant viruses and protozoa, most notably Cryptosporidium parvum which has caused a 
few major waterborne outbreaks in North America recently. Other disadvantages such as 
the hazards involved in the transporting and storing of toxic chlorine have contributed to 
the fall of chlorination as the favored disinfection technology. In view of the inability of 
chlorine to disinfect certain emerging pathogens and the harmful health effects of 
chlorinated DBPs, many treatment plants have started to switch from chlorination to 
other disinfectants such as chloramination, ozonation and ultraviolet disinfection. 
 
1.3 Rise of UV Disinfection  
Of the various disinfectants considered, one technology that has emerged as a highly 
popular alternative to chlorination is ultraviolet (UV) disinfection. Unlike chemical 
disinfectants, UV disinfection employs a unique mechanism of DNA damage to prevent 
the pathogens from reproducing and to achieve reduction in pathogen concentrations. 
Such a mechanism is swift and accurate, utilizing only a short time to inactivate most 
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pathogens to very low levels. However, one of the main attractiveness of this technology 
lies in its ability to inactivate chlorine-resistant bacteria, some viruses and protozoa (e.g. 
Giardia lamblia and Cryptosporidium parvum) at very low doses without the formation 
of harmful DBPs. As such, the strict DBP regulations which have been implemented can 
be easily met. In addition to its excellent disinfection capabilities, it also appeals to water 
authorities due to its small footprint. This is because low UV doses are required for 
effective inactivation, so that the retention times are short, and therefore translates into 
smaller-sized reactors as compared to those for chlorination. Another advantage that UV 
disinfection has over chlorination is that it is a physical process, so that the costs and 
risks involved in the handling, transportation and storage of toxic chemicals need not be 
incurred. Being a physical process, the performance efficiency is also not affected by the 
pH and temperature of the water, so that the disinfection process can be easily controlled. 
There is therefore greater operational reliability in using UV disinfection than with 
chemical disinfectants. These benefits of UV disinfection are currently pushing the 
technology into prominence. The most common application of UV disinfection in water 
and wastewater treatment is the final disinfection step before consumption or disposal, 
respectively. There is also increasing interest in the use of UV disinfection coupled with 
UV oxidation, by the application of higher UV doses, and thus this technology is likely to 
be used for disinfection and decontamination in the future. 
 
1.4 DNA repair – A Potential Drawback of UV Disinfection 
Despite the advantages afforded by UV disinfection, the technology has a few 
shortcomings. The disinfection process can be hindered by the presence of turbidity or 
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UV-absorbing chemicals such as humic acids, iron and manganese ions because they can 
protect the microorganisms from UV radiation. Furthermore, another major drawback is 
DNA repair, which is prevalent among microorganisms and can reverse the disinfection 
effects of UV radiation. Bacteria are known to possess the ability to repair the DNA 
damage caused by UV disinfection via various repair mechanisms, resulting in the 
reactivation of the bacteria after the water leaves the treatment plant and re-contamination 
of the treated water. As a result of the DNA repair processes, the overall efficiency of UV 
disinfection is reduced and this is particularly significant when visible light exposure 
following UV disinfection is involved. Reactivation of bacteria following UV 
disinfection is of great consequence, so that this topic has been voraciously investigated 
in the last decade or so, and much information has been published in this area. However, 
with the advent of newer and improved UV lamps such as the high intensity medium-
pressure (MP) UV lamps, the problem of reactivation needs to be reassessed and 
continually examined to determine the extent of the problem and to understand it so that 
preventive methods can be adopted. It has also been reported that water treatment plants 
utilizing UV disinfection are increasing in recent decades (Hassen et al., 2000) and will 
continue to emerge as one of the most popular alternatives to chlorination. Hence, 
research in the area of microbial reactivation following UV disinfection is ever more 
critical.  
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1.5 Problem Statements 
1.5.1 DNA repair following LP and MP UV disinfection 
DNA repair includes both photoreactivation and dark repair, and researchers have been 
investigating these processes since the early 1900s. However, research into DNA repair 
following UV disinfection has only been conducted since UV disinfection came into 
prominence in the 1990s. Even so, most studies have been performed with the traditional 
low-pressure (LP) UV disinfection.  
 
Studies have shown that both photoreactivation and dark repair take place following LP 
UV disinfection, with dark repair occurring to a much lesser extent than 
photoreactivation. This is a cause for concern, since the microorganisms that have 
repaired the damaged DNA can then reproduce and potentially cause diseases when the 
water is consumed.  
 
With the advent of MP UV lamps in the late 1990s, DNA repair after disinfection with 
MP UV lamps is now an important area of research. Currently, there is limited 
information on photoreactivation and repair following MP UV disinfection, especially for 
pathogens. So far, two studies have been conducted with E. coli irradiated with MP UV 
lamps and found that both photoreactivation and dark repair were negligible as compared 
with LP UV lamps (Oguma et al., 2002; Zimmer and Slawson, 2002). However, another 
study reported high levels of photoreactivation with MP UV disinfection of E. coli, 
although the extent of photoreactivation was lower than that of LP UV disinfection (Hu et 
al., 2005). One reason for the contradictory results was the use of different strains of E. 
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coli in the studies. Although the use of the indicator bacteria, E. coli, was consistent in all 
three studies, it is apparent that the repair abilities of various strains of the same bacteria 
can differ to a great extent. Since DNA repair is an important area of research and is 
conducted under varying conditions (light intensity, E. coli strains, temperature, light 
source, applied UV doses, etc) with different research groups, there is a need to identify a 
strain that can be used as an indicator for DNA repair studies to represent pathogens, so 
that comparisons across different studies with different repair conditions can be made 
more meaningful.  
 
Currently, there is also limited information on repair of pathogenic bacteria. Two studies 
have been conducted on pathogenic E. coli (Tosa and Hirata, 1999; Sommer et al., 2000). 
Tosa and Hirata (1999) reported that light repair was observed for pathogenic E. coli 
O26, but not for E. coli O157:H7. Sommer et al (2000), on the other hand, observed 
apparent light repair for all tested pathogenic E. coli strains, including E. coli O157:H7. 
Dark repair was found to play a limited role in DNA repair, except for E. coli O50:H7.  
However, these results were only valid for LP UV disinfection. There is inadequate 
information on the repair of E. coli O157:H7 after MP UV disinfection and this area 
needs to be properly investigated since pathogens are the main targets for disinfection. 
 
1.5.2 Factors affecting photoreactivation 
Photoreactivation is a DNA repair process that requires visible light energy, and is 
responsible for the repair of up to 80% of the DNA damage caused by UV radiation. 
Hence, it is of great significance in UV disinfection. Many studies have been conducted 
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on photoreactivation, with emphasis on the varying conditions under which 
photoreactivation can take place and the relevant influencing factors.  
 
Given that the presence of visible light is a pre-requisite for photoreactivation to occur, 
one of the foremost influencing factors of photoreactivation is light intensity. 
Photoreactivation has been found to increase with increasing light intensity. These studies 
mostly used fluorescent light in indoor environments where the light intensity parameters 
and other conditions can be easily controlled. However, in the natural environment, the 
water that is treated is exposed to sunlight, which has greatly differing properties from 
that of fluorescent light. Moreover, studies on the effects of light intensity on 
photoreactivation have so far only employed very low photoreactivating light intensities, 
while exposure of the water to much higher intensities is very likely in the natural 
environment. Therefore, information on the effects of high intensity fluorescent light and 
sunlight on photoreactivation after UV disinfection is limited and this area of research 
therefore needs more evaluation and investigation. 
 
Other than light intensity, temperature can also play an important role in 
photoreactivation because the photoreactivation is essentially a biological process. So far, 
photoreactivation studies have controlled the incubation temperature at room temperature 
(i.e., 23°C – 25°C), which may not be the case in the natural environment, where summer 
temperatures can be as high as 35°C and winter temperatures can be as low as 0°C. Since 
UV disinfection is being implemented at water treatment plants worldwide, 
photoreactivation of bacteria under varying temperatures should be assessed. 
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The type of lamps used in UV disinfection can also play a part in influencing 
photoreactivation. Under controlled laboratory experiments, photoreactivation has been 
found to occur to a lesser extent following irradiation with MP UV lamps than with LP 
UV lamps. The effects of light intensity mentioned earlier have also only been conducted 
with LP UV lamps. It will therefore be of benefit to the industry to investigate if the 
advantage of photoreactivation suppression by MP UV disinfection could be applicable 
under varying environmental conditions of temperature and light intensity. 
 
The applied UV dose is another factor that can influence subsequent photoreactivation 
levels. It has been found that as UV doses were increased, the percentage of 
photoreactivated bacteria decreased (Lindenauer and Darby, 1994, Hu et al., 2005). This 
signifies the decreasing ability of bacteria to photoreactivate with increasing UV dose, up 
to a UV dose of 15 mJ/cm2 since photoreactivation has only been investigated for this 
range of UV doses.  
 
1.5.3 Photoreactivation suppression by MP UV disinfection 
As mentioned in earlier sections, two studies on UV disinfection have reported that 
photoreactivation of E. coli was suppressed with MP but not with LP UV radiation. This 
has prompted many water treatment plants to favor MP UV disinfection over LP UV 
disinfection. Nevertheless, the actual mechanism for this discrepancy is as yet not 
elucidated. 
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Researchers have so far only hypothesized on the possible reasons for this, most of the 
explanations centering on the broad spectrum of MP UV radiation, as compared to the 
monochromatic radiation emitted by LP UV lamps. Some researchers mentioned that the 
additional wavelengths present in MP UV radiation caused more damage to the DNA, 
thereby minimizing the recovery of the microorganisms. Another hypothesis is the 
damage to critical enzymes or proteins in the cell, since these biomolecules can be 
damaged by wavelengths other than the germicidal wavelength of 254nm.  
 
The latter hypothesis is more likely, since the extent of DNA damage caused by LP and 
MP UV disinfection has been reported to be similar. Of the various enzymes and proteins 
present in bacteria cells, the most likely biomolecule to be damaged by MP UV 
disinfection is that of photolyase – the enzyme responsible for photoreactivation. This is 
because unlike other proteins or enzymes, photolyase is present in the cell in very small 
amounts and is therefore unable to recover their activity should they be damaged by UV 
radiation. The biological activity of photolyase has also been shown to be destroyed by 
365nm radiation.  
 
Despite the hypotheses presented by various researchers on how MP UV radiation can 
prevent photoreactivation, there has not been any conclusive evidence to prove or 
disprove them. Photoreactivation is a process in which the mechanism is still not fully 
understood; many researchers are still working on elucidating the exact molecular 
pathways by which the process occurs. However, knowledge about how MP UV radiation 
affects photolyase and prevents photoreactivation could benefit the industry since it could 
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possibly be used to eradicate the problem of photoreactivation in future UV disinfection 
systems. Therefore, there is a need to understand the photoreactivation process better 
with the MP UV lamps. 
 
Even though most of the hypotheses have focused on the broad spectrum of MP UV 
radiation as the main cause of photoreactivation suppression, there has been very little 
evidence to confirm this. Possible identification of the wavelengths responsible for 
photoreactivation suppression can allow for better designs of the UV lamps to prevent 
photoreactivation from taking place. Information in this area is lacking, especially on the 
effects of the various wavelengths in MP UV radiation on photoreactivation and how the 
interaction among the various wavelengths present in MP UV radiation can affect 
photoreactivation.  
 
1.6 Research Scope and Objectives 
In this thesis, the inactivation and repair of the model bacteria, Escherichia coli, 
following LP and MP UV disinfection is examined, with the main focus on the 
photoreactivation of E. coli. In particular, the repair potential of the model bacteria 
following UV disinfection under different environmental and operational conditions will 
be evaluated and compared. The specific objectives are set out as follows: 
• To identify E. coli strains that can be used as indicators for pathogenic strains in 
photoreactivation and dark repair studies following both LP and MP UV 
disinfection 
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• To assess the effects of light intensity, temperature and UV doses on 
photoreactivation of E. coli after LP and MP UV disinfection  
• To compare photoreactivation of E. coli under fluorescent light and sunlight after 
UV disinfection 
• To evaluate the effects of LP and MP UV disinfection on E. coli photolyase in 
vitro and the subsequent impact on photoreactivation, in order to elucidate the 
possible mechanism for photoreactivation suppression by MP UV disinfection 
• To assess the effects of the various wavelengths in MP UV radiation on E. coli 
photolyase activity in vitro, so as to identify the wavelengths that may be 
responsible for photoreactivation suppression 
 
In order to achieve the objectives listed, the study will be divided into two levels: the 
cellular level and the sub-cellular level. Figure 1-1 provides a summary of the various 
phases of the study. In the cellular study, DNA repair will be observed on a cellular level 
via increases in E. coli concentrations. The identification of indicator strains for both 
repair processes and the effects of temperature and light intensity on photoreactivation 
will be performed at this level. At the sub-cellular level, only photoreactivation will be 
considered by taking a closer look at the DNA of the model bacteria as well as the 
photoreactivating enzyme, photolyase. Photoreactivation at the DNA-level will be 
investigated using the endonuclease sensitive site (ESS) assay to identify the amount of 
UV-induced dimers present in the DNA. For the enzyme study, the activity of photolyase 
will be assessed in vitro, in order to determine the effects of LP and MP UV radiation on 
photolyase, as well as to identify the wavelengths in MP UV radiation that can affect 
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photolyase, and therefore, photoreactivation. In the entire study, the effects of various 
operating conditions such as UV lamp types (LP or MP UV lamp) and UV doses on 





















Figure 1-1  Schematic diagram showing various phases of research study 
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1.7 Organization of Thesis 
The thesis is divided into seven chapters, including this introduction. Background 
information and a critical review of the current literature available with regards to UV 
disinfection and DNA repair is presented in Chapter 2. This chapter provides more details 
on the mechanisms and phenomena that are discussed in subsequent chapters. 
 
Chapter 3 details the materials and methods employed in the study, and includes 
information on the numerical analyses performed on the data.  
 
The results of the cellular study are presented in Chapters 4 and 5. In Chapter 4, the UV 
resistances and dark and light repair abilities of various E. coli strains are investigated in 
order to select an indicator strain that could be used in subsequent repair studies for better 
comparisons across different studies. In particular, the repair abilities of the selected 
strains are compared with that of a pathogenic E. coli O157:H7 strain. Detection of repair 
at a molecular (DNA) level is also performed to confirm the data obtained from the plate 
count methods. 
 
In Chapter 5, photoreactivation of the selected indicator strain discussed in Chapter 4 and 
a commonly used indicator (E. coli ATCC 11229) is compared under various 
environmental conditions. The effect of incubation temperature on photoreactivation is 
discussed. In addition, different light intensities from two light sources – fluorescent light 
and sunlight – were applied to assess their effects on photoreactivation.  
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The results of the in vitro study on photolyase are discussed in Chapter 6. In this chapter, 
the effects of LP and MP UV radiation exposure in vitro on photolyase activity (in terms 
of dimer repair) are discussed. The effects of the individual wavelengths on photolyase 
activity will also be discussed. 
 
Finally, the findings of the study are summarized in Chapter 7, with recommendations for 
future studies. 
 
Overall, the research conducted in this study combines knowledge from the UV 
disinfection and the photochemistry fields in order to better understand the process of 
photoreactivation. The results will provide more information on the impact of UV 
radiation on photolyase, which has so far only been speculated upon. A major part of this 
thesis is to examine the process of photoreactivation at the enzymatic level. This is a 
novel way of looking at photoreactivation, and the findings here will furnish information 
on photoreactivation from a different angle than those published previously. In addition, 
this thesis includes photoreactivation studies under tropical conditions where sunlight is 
abundant and temperatures are high. Photoreactivation under such tropical conditions 
have not been assessed so far. It also discusses the use of fluorescent light in 
photoreactivation studies, as opposed to photoreactivation in the natural environment 
with sunlight. As such, the results here will benefit water authorities which are 
considering the use of UV disinfection for use in tropical regions. Equipped with the 
knowledge obtained from the results of the various phases of study in this thesis, the 
information gaps that are present in UV disinfection and subsequent DNA repair 
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processes can be plugged. In addition, it is with every hope that the UV disinfection 
process can be further modified or operated in such a way as to improve the overall 
disinfection effectiveness and to achieve enhanced disinfection efficiency by suppressing 
DNA repair successfully. 
 16 
CHAPTER 2 CURRENT STATE OF THE ART IN UV 
DISINFECTION 
 
2.1 Historical Development of UV Disinfection 
UV disinfection was first discovered over a century ago when Downes and Blunt (1877) 
reported the germicidal effects of UV light from the sun. It was also around the same time 
that doctors realized the need for disinfection to combat the spread of diseases so as to 
prevent epidemics from taking place. However, it was obvious that the energy from the 
sun alone was not sufficient to effectively decontaminate water on a large scale for 
consumption. Efforts were therefore put into the search for synthetic sources of UV 
radiation.  
 
Practical applications of UV disinfection were only possible with the development of the 
mercury vapor lamp in 1901 and the recognition of quartz as the ideal lamp envelope 
material in 1905. This led to the first full-scale application of UV radiation for drinking 
water disinfection in Marseilles, France from 1906 to 1909 (Clemence, 1911).  Elsewhere, 
UV disinfection was adopted in the U.S.A. between 1916 and 1926 for the production of 
potable water on ships. It was also employed for full-scale production of drinking water in 
Kentucky, Ohio and Kansas (Masschelein, 2002). Despite these advances, the low cost of 
water disinfection by chlorine combined with cost, operational and reliability problems 
observed with early UV disinfection equipment hindered the growth in the full-scale 
application of UV disinfection (Baruth, 2004).  
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In the 1950s, there was a resurgence of interest in UV disinfection due to the intense 
research focusing on the mechanisms of UV light inactivation (Dulbeco, 1950; Kelner, 
1950; Brandt and Giese, 1956; Powell, 1959). With this interest, the first reliable 
application of UV disinfection of drinking water was observed in Switzerland and Austria 
in 1955 (Kruithof and van der Leer, 1990). In the 1970s, the discovery of the disinfection 
by-products (DBPs) formed between chlorine and organic compounds in water, and 
concerns over the health risks caused by these DBPs caused many authorities worldwide 
to start looking into alternative disinfection technologies. UV disinfection thus became a 
leading contender for the alternative disinfectant to chlorination, and many water 
treatment plants worldwide started installing UV disinfection systems on a full-scale 
basis.  
 
Despite this, UV disinfection was still generally known to be unable to disinfect emerging 
pathogens such as Cryptosporidium parvum and Giardia at practical doses (Lorenzo-
Lorenzo et al., 1993; Ransome et al., 1993). In the mid-1990s new findings revealed that 
these pathogens could in fact be inactivated by relatively low UV doses (Campbell et al., 
1995; Bukhari et al., 1999; Clancy et al., 2000). These findings have since been confirmed 
by other studies (Craik et al., 2000; Campbell et al., 2002; Linden et al., 2002; Mofidi et 
al., 2002a; McGuigan et al., 2006; Li et al., 2007), and have propelled the development of 
UV disinfection to greater heights. Such is the popularity of UV disinfection in drinking 
water treatment that the U.S. Environmental Protection Agency (USEPA) has put in place 
guidelines to help water authorities design, monitor and manage UV disinfection systems 
for drinking water treatment, as set out in the UV Disinfection Guidance Manual 
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(USEPA, 2006). As of 2002, there were over 3000 drinking water facilities using UV 
disinfection in Europe. In the United States, many treatment plants are also switching to 
UV disinfection and the number of installations of UV disinfection systems is expected to 
continue to increase over the next few years.  
 
2.2 Definition of UV Disinfection 
As the name suggests, UV disinfection involves the use of UV radiation for disinfection. 
UV radiation is part of the electromagnetic spectrum that lies between the x-rays and the 
visible light regions, and spans the wavelengths from 100 to 400 nm (Figure 2-1). 
 
Gamma 









Figure 2-1  Electromagnetic Spectrum 
(Wright and Cairns, 1998) 
 
Within the short wavelength range for UV radiation, the spectrum is further divided into 
four sub-regions (USEPA, 1999) as described in Table 2-1. 
 
10-12 10-9 4 × 10-7 7 × 10-7 25 × 10-6 10-3 
Wavelengths (m) 
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Table 2-1  Ultraviolet Light Wavelength Regions 
Type Wavelength region (nm) Comments 
UV-A 315 – 400 Also known as near UV 
UV-B 280 – 315 Also known as medium UV 
UV-C 200 – 280 Germicidal range; also known as far UV 
Vacuum UV 100 – 200 Strongly absorbed by water and air 
 
The region with the longest wavelengths is known as the UV-A region. UV-A radiation is 
associated with skin ageing (Yin et al., 2001), is responsible for the production of melanin 
in skin to cause tanning, and is the least harmful category of UV radiation (Bolton, 1999). 
Wavelengths in the UV-B region are shorter than that of those in the UV-A region and 
have higher energy levels. It has been found that exposure to UV-B radiation can lead to 
skin cancer, since DNA damage can occur which result in cell mutations and cancerous 
growths (Gies et al., 1986; Abarca and Casiccia, 2002). UV-C radiation consists of the 
shortest wavelengths present in the atmosphere (since vacuum UV is strongly absorbed by 
compounds in the atmosphere) and have the highest level of energy, allowing the 
radiation to penetrate deeply into the cells to cause maximum damage.  
 
Of the various wavelength regions, the wavelength region that is of interest in UV 
disinfection is the UV-C range, which is also known as the germicidal range. This is 
because the wavelengths in the UV-C region are known to be strongly absorbed by 
biomolecules (Tyrell, 1996), which is the main mechanism of inactivation by UV 
radiation. It also has the highest energy levels among the various categories (other than 
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vacuum UV) of UV radiation, and is hence able to produce the most lethal and significant 
amount of damage to inactivate pathogens. 
 
2.3 UV Radiation Sources and UV Disinfection Systems 
2.3.1 UV radiation sources 
One major source of UV radiation is solar energy, which comes from the sun. UV 
radiation from the sun consists of the whole spectrum ranging from UV-A to UV-C 
radiation. However, due to the scattering of light as it travels from the sun to earth and 
subsequent absorption by the earth’s atmosphere, only less than 10% of the total sunlight 
intensity that reaches the surface of the earth is UV light, with little active radiation (i.e., 
UV-C radiation) available for water disinfection (Masschelein, 2002). Therefore the 
efficiency of sunlight for disinfection is relatively low, and will require a long period (i.e. 
a few hours) of microbial exposure to sunlight for effective inactivation to take place 
(Sinton et al., 2002; Martin-Dominguez et al., 2005). In order to speed up the inactivation 
process, efforts were made to manufacture lamps which were able to emit higher intensity 
UV radiation. 
 
One of the foremost developments in UV disinfection is that of lamp technology. The 
production of radiation occurs when atoms of a particular element are excited by passing 
an electric current through the element and causing the collision of the atoms with the 
electrons in the electric current (Diffey and Farr, 2002). The excited state is of a higher 
energy level than the unexcited state. Upon returning to a lower energy state, the excess 
energy associated with the excited state is released in the form of radiation or heat, 
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depending on the difference between the two energy levels (Baruth, 2004). For the 
purposes of UV disinfection, the element typically used is mercury, because the energy 
released by excited mercury atoms result in the emission of UV radiation in the 
germicidal range (Baruth, 2004). Currently, the most common form of mercury used in 
lamps for the production of UV radiation is mercury vapor. 
  
In UV disinfection, the lamps traditionally used for disinfection are the low-pressure (LP) 
UV lamps, which are characterized by the production of monochromatic radiation with a 
peak emission at 254 nm (Figure 2-2a). As the name suggests, low pressure is applied to 
the mercury gas within the lamp (< 10 torr) to cause sharp emission lines that output at 
that specific wavelength (Bolton, 1999).  This wavelength is within the UV-C range and 
has relatively high germicidal efficiency. For LP lamps, approximately 95% of the total 
UV emission, or more than 97% of the far-UV emission, is at 254 nm (Harm, 1980).  
Under normal operating conditions, LP UV lamps are fully operational for at least 1 year 
(Masschelein, 2002). However, the intensity of LP UV lamps tends to be on the low side, 
resulting in the need for many UV lamps to achieve the required dose in practical 
applications.  
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Figure 2-2  Emission spectrum of a typical (A) low-pressure (LP) UV lamp and (B) 
medium-pressure (MP) UV lamp 
(Sharpless and Linden, 2001) 
 
 
In the last decade, newer lamps have been developed – the medium-pressure (MP) UV 
lamps. Compared to LP UV lamps, the mercury gas in these lamps is subject to 
considerably higher pressure (≈ 1,000 torr) (Bolton, 1999) so that the radiation that is 
emitted is of much higher intensity. The emission spectrum of MP UV lamps is also 
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broader (Figure 2-2b), ranging from the far-UV (185nm) to infra-red (1,367nm) (Linden 
and Mofidi, 1999). However, most of the emission is in the germicidal UV-C range, and 
also covers most of the UV-B wavelengths. With the much higher intensity, it has been 
reported that a single MP UV lamp has the capacity to replace up to 25 LP UV lamps 
(Malley, 1999) in order to achieve the same level of disinfection. This makes the MP UV 
lamps a cost-effective alternative to LP UV lamps, due to savings in space and capital 
costs, despite the higher energy consumption and the shorter lifetime of about 4,000 hours 
(Masschelein, 2002). MP UV lamps were made commercially available in the 1990s and 
are becoming more and more widely used for UV disinfection. In fact, the number of 
water treatment plants employing MP UV disinfection is fast overtaking that of those 
using LP UV disinfection.  
 
The most recent development in artificial UV sources is the pulsed UV lamp (also known 
as the pulsed xenon arc, or xenon flashlamps) (Wang et al., 2005). In the pulsed lamp, 
xenon is used as the excitation element instead of mercury. This reduces the hazards 
associated with the use of mercury UV lamps. To produce UV radiation, a high-energy 
electrical pulse is applied to the lamp to produce a high-current arc for a few milliseconds 
or less, and the xenon gas in the pulsed lamp is subject to a pressure of about 50 – 100 
kPa (375 – 750 torr) (Wang et al., 2005). The excitation and subsequent release of energy 
result in the production of radiation in the UV region (Lamont et al., 2007). The UV light 
is stored in a capacitor and then released as intermittent short pulses which contain 
instantaneously high levels of energy. The spectral emission of a pulsed UV lamp is very 
broad, with wavelengths ranging from 100 to 1100 nm (Figure 2-3), as opposed to the 
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narrower spectrum emitted by the MP mercury UV lamps (Krishnamurthy et al., 2007). 
Pulsed xenon lamps have shown great potential in performing inactivation at lower doses 
than the continuous-wave lamps (i.e., LP and MP UV lamps). However, much of the 
research is still in the early stages, with focus on the inactivation kinetics and efficiency of 
the pulsed lamps on various types of microorganisms (Rowan et al., 1999; Huffman et al., 
2000; Roberts and Hope, 2003; Gomez-Lopez et al., 2007;  Lamont et al., 2007), and is 
not yet available for full-scale applications for drinking water disinfection. 
 
Figure 2-3  Emission spectrum of a xenon flashlamp 
(Lamont et al., 2007) 
 
2.3.2 UV disinfection systems 
There are generally two types of disinfection systems – the collimated beam system, and 
the flow-through system. The collimated beam system is used for batch disinfection, 
while the flow-through systems are used in practical applications. In flow-through 
systems, UV lamps can either be housed in stainless steel containers which are then 
designed to be used as UV disinfection systems, or placed in open channel flows.  
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2.3.2.1 Collimated beam UV disinfection systems 
Collimated beam UV disinfection systems are bench-scale systems that are used in UV 
disinfection experiments. A typical setup of the collimated beam apparatus is as shown in 











Figure 2-4  Schematic diagram of a typical bench-scale setup with the collimated 
beam UV system 
 
In the collimated beam system, a single UV lamp (LP or MP lamp) is placed inside a steel 
housing to protect users from stray UV radiation. UV radiation from the UV lamp appears 
through an aperture in the housing, and passes through a collimating tube to the samples 
to be irradiated. A shutter controls the opening and closing of the aperture, while the 
collimating tube directs the UV light onto the samples. The reflection and absorption of 
UV light within the collimating tube also ensures that a uniform beam of UV radiation 
reaches the sample at the end of the tube (Bolton and Linden, 2003). The magnetic stirrer 
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mixture is obtained, so that the amount of radiation reaching each microorganism in the 
Petri dish is constant. For the collimated beam systems, disinfection of the water is 
performed in batches, because there is no continuous flow and only a small volume of 
water (a maximum of 30ml) can be disinfected each time. UV dose delivered to the water 
samples can be controlled by changing the UV light intensity (i.e., by having a shorter 
collimating tube and thereby allowing the samples to be brought closer to the lamp) or by 
changing the exposure time. 
 
Due to the ease of construction and the interchangeability of the LP and MP UV lamps so 
that both types of lamps can be investigated, these collimated beam systems are very 
popular in laboratories for bench-scale experiments. In addition, the dimensions of the 
reactor and the UV intensities can be properly measured, so that the exact UV doses can 
be calculated and applied. These systems are usually used for the development of 
standardized UV dose response relationships for different microorganisms in 
biodosimetry testing and to determine comparative UV susceptibility, and for the 
investigation of the photochemical degradation of contaminants (Bolton and Linden, 
2003). The dose response data obtained from these systems are also commonly used as a 
basis for determining the delivered UV doses for full-scale UV systems (Kuo et al., 2003).  
 
2.3.2.2 Flow-through UV disinfection systems 
For continuous disinfection, as required for full-scale applications, flow-through 
disinfection systems are used. In the flow-through systems with steel housings, the 
lamp(s) are enclosed in a UV reactor which is in turn attached to various types of 
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equipment for operation. As the water flows through the system, either axially or 
longitudinally to the lamps, it comes into contact with the UV radiation emitted by the UV 
lamps and is disinfected. A schematic of a flow-through UV system is presented in Figure 
2-5, where the water flows longitudinally through the lamps.   
 
 
Figure 2-5  Schematic diagram of a flow-through UV disinfection system 
(USEPA, 2006) 
 
In the UV reactor, the UV lamps are covered with lamp sleeves which protect the water 
from mercury contamination should the lamp break, and also prevent deposits from 
forming on the UV lamp and affecting the production of UV radiation. However, deposits 
form instead on the lamp sleeves, and may prevent UV light from reaching the water. As a 
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result of this, some reactors have wiper systems which periodically wipe the sleeves clean 
of deposits, either automatically or manually. Due to the possible health effects associated 
with exposure to UV radiation, operators of the disinfection systems are shielded from 
UV radiation by the body of the reactor, which is made of opaque material, typically 
stainless steel. As a result, it is not easy to visually monitor the operation of the reactor. 
This is why the UV reactor also contains a myriad of sensors (e.g. light intensity, 
temperature, etc) to monitor its performance. The readings from the light intensity sensor 
will indicate if the lamps are working properly and whether lamp replacement is required. 
Temperature sensors are very important, especially for MP UV lamps, because much of 
the power that is not converted to light in the UV lamps is primarily converted to heat 
energy which causes a rise in the temperature of the lamps. Temperature sensors monitor 
the working temperature of the lamps and systems, and prevent overheating of the system 
which may result in a short-circuiting of the process. 
 
In the open channel type of UV disinfection systems, the UV lamps are mounted on a 
steel framework, and then lowered into the flow channel of the water to be treated, either 
in a vertical or horizontal configuration. Most of the installations using open channel 
flows have been for the disinfection of wastewater, and only applicable for LP UV lamps. 
This is because the lamps are not covered, so the use of MP UV lamps with high radiation 
intensity can pose a safety hazard for the workers at the treatment plant. In addition to the 
safety issues, the growth of algae in the open channels and the difficulty and laborious 
process involved in cleaning the UV lamps in the open channel systems have led 
operators to opt for UV disinfection systems which are housed in reactors. 
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UV disinfection systems are usually designed to deliver a UV dose to achieve a minimum 
of 4 log10 inactivation of bacteria, viruses and protozoa. Once designed, the reactor has a 
fixed volume and the number of lamps in the reactor is also constant. Therefore it is 
difficult to vary UV dose delivery by the UV system. When in operation at a particular 
flow rate, the UV dose delivered is a constant value. Most commercial systems are 
designed to deliver a minimum UV dose of 40 mJ/cm2. One of the main difficulties in 
designing the flow-through UV disinfection systems is to ensure that sufficient dose is 
delivered to the microorganisms within the reactor. This is because there are possible dead 
zones within the reactor, and certain flow patterns that can allow microorganisms to 
escape exposure to UV radiation. As a result, much research effort has gone into 
computational analysis of various configurations and dimensions of UV reactors, lamp 
placements, water quality and flow patterns to maximize the UV intensity in all areas of 
the UV reactors (Qualls and Johnson, 1985; Janex et al., 1998; Jin et al., 2005; Liu et al., 
2007). There is now highly sophisticated software such as FLUENT and FLOW-3D 
available on the market that performs calculations of delivered UV doses to aid design 
calculations. Nevertheless, previous software packages were mostly designed to cater for 
modeling and numerical analysis of monochromatic LP UV radiation. With the 
development of polychromatic lamps, an additional dimension – the different inactivation 
efficiencies of various wavelengths in UV radiation – has been added to the complexity of 
the problem (Giese and Darby, 2000). As such, there is still ongoing research on the 
modeling of UV disinfection systems to optimize disinfection efficiency (Liu et al., 2007). 
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2.4 UV Disinfection Mechanism 
For disinfection, the main weapon used to inactivate microorganisms is UV radiation. UV 
radiation is emitted from UV lamps in the form of high energy particles called photons. 
When these photons reach the microorganisms, they penetrate the cell wall and/or cell 
membranes directly to the interior of the cell, and impact upon the molecular compounds 
within the cell (e.g. deoxyribonucleic acid (DNA), ribonucleic acids (RNA) and 
enzymes).  Once in contact with the photons, these biomolecules absorb the energy from 
the photons, resulting in the alteration of the bonds and linkages between the atoms that 
make up the molecules.  
 
For the purposes of UV disinfection, the main sub-cellular biomolecule of interest is the 
DNA which carries the genetic information of the microorganisms. DNA contains 
information required for the proper functioning and reproduction of the microorganisms, 
so that damage to the DNA can potentially affect the activity and viability of the 
microorganisms. It is therefore the most critical molecule targeted during UV disinfection. 
DNA is made up of four nucleotide bases, namely, adenine (A), cytosine (C), thymine (T) 
and guanine (G) and are paired up – A with T, and C with G – to form double-stranded 
DNA. When the photons from UV radiation reach the DNA, the absorption of energy by 
DNA rapidly converts a pyrimidine base (either C or T) to an excited state, approximately 
10-12 s after photon absorption (Mitchell and Karentz, 1993). This excited singlet state is 
unstable and the instability is resolved in different ways. One of the ways is the transfer of 
the singlet state to an excited triplet state, causing the nucleotide base paring of the DNA 
molecules to be altered such that new linkages between adjacent nucleotides on the same 
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DNA strand are formed (Zimmer and Slawson, 2002). These linkages are also known as 
lesions, and the majority of the lesions formed are the cis-syn cyclobutane pyrimidine 
dimers (CPDs). Figure 2-6 depicts the formation of a thymine-thymine pyrimidine dimer 












Figure 2-6  Formation of a Thymine-Thymine Dimer by UV radiation 
 
 
Other than the CPDs, other DNA photoproducts such as the 6-4 photoproducts, spore 
photoproducts and DNA-protein crosslinks can be formed from the other methods used to 
resolve the instability of the excited singlet state of the DNA upon photon absorption 
(Harm, 1980). Of the various UV-induced lesions, the CPDs and the 6-4 photoproducts 
make up around 75% and 25%, respectively (Sinha and Häder, 2002), making them the 
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the 6-4 photoproducts are known to distort the DNA helix, but in view of the abundance 
of CPDs in UV-damaged DNA, they appear to be the more lethal lesions. In addition, the 
presence of the CPDs can prevent the accurate reading of the genetic code by the 
microorganisms for important cellular processes such as protein synthesis during growth 
or nucleic acid replication during cell division. Such mutations ultimately lead to cell 
death (Cairns and MacDougall, 1995). Therefore, the main mechanism of UV disinfection 
lies in the creation of lethal photoproducts in the DNA of the microorganisms when UV 
photons are absorbed. This is supported by data in Figure 2-7 which shows that the killing 
rate of the bacterium E. coli is strongly influenced by the absorption rate of UV light by 
the nucleic acids.  
 
 
Figure 2-7  Comparison of action spectrum for E. coli inactivation to the absorption 
spectrum of nucleic acids  
(Harm, 1980) 
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It is also observed in Figure 2-7 that the E. coli killing rate is dependent on the 
wavelength of the UV light, as the absorption rate of UV radiation by nucleic acids varies 
from wavelength to wavelength. The absorption spectrum of DNA exhibits a maximum at 
260nm, which corresponds to the highest killing rate of the bacterium. Therefore, the UV 
lamps that are used for disinfection are designed to emit UV radiation with a wavelength 
within this UV-C region, as is the case for LP UV lamps. MP UV lamps emit some of the 
radiation in this region as well, so that maximum disinfection efficiency can be achieved. 
It is also because the highest killing rate is found to be within the UV-C region that this 
section of the UV radiation is commonly known as the germicidal region. 
 
2.5 Factors affecting UV Disinfection 
2.5.1 UV absorbance 
UV disinfection is a physical process that depends very much on the amount of radiation 
that reaches the target microorganisms. As UV radiation is emitted from the UV lamps 
and move through the water, there is interaction between the radiation and the water. One 
of the most significant interactions is the absorption of UV radiation. As UV radiation is 
absorbed by the water, the intensity and amount of UV radiation decrease with distance 
from the lamp, so that less radiation is available for disinfection. Therefore, for water with 
high absorbance, the level of disinfection is also correspondingly lower. Compounds 
present in water which are responsible for the absorption of UV radiation include 
dissolved metals such as iron and manganese, as well as natural organic matter (e.g. 
humic and tannic acids) (Masschelein, 2002; Rincon and Pulgarin, 2004).  
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The absorbance of the water in UV disinfection literature is often referred to as UV 
absorbance (or A254). This is the measure of the amount of light at 254 nm that is absorbed 
by a water sample over a specified path length (usually 1cm) (Baruth, 2004).  Another 
parameter that is synonymous with UV absorbance is the UV transmittance (UVT). The 
UVT is the percentage of light at 254 nm that passes through a water sample over a 









UVT(%)log254A        (Eq. 2-1) 
 
In UV disinfection experiments, UV-absorbing compounds are added into the water to 
achieve various levels of UV transmittance. Previous studies on the effect of UVT at 254 
nm on the degree of disinfection in wastewaters have found a correlation between the two 
factors, with a higher UVT leading to a higher degree of disinfection (Severin, 1980; 
Schieble and Bassell, 1981; Whitby and Palmateer, 1993). These results indicate that 
UVT is an important determining factor of UV disinfection efficiency, which is why the 
UVT of the water to be treated is a key design parameter for UV disinfection systems.  
 
2.5.2 Particle content 
Particles and suspended solids are ubiquitous in surface water, and the presence of 
particles can affect UV disinfection by scattering the UV radiation so that the UV 
intensity is reduced (Huff et al., 1965) or by shielding the microorganisms from UV 
radiation. The protective effect of particles has been found to have a negative impact on 
UV disinfection (Whitby and Palmateer, 1993), especially at high doses where tailing 
effects occur (Scheible, 1987; Parker and Darby, 1995; Loge et al., 2001; Bohrerova and 
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Linden, 2006). In order to quantify the amount of particles, turbidity is commonly used as 
an estimating parameter in laboratories. This is because turbidity is a regulated, easy to 
use and widely used particle indicator in water treatment plants (Caron et al., 2007), and is 
easily measured. Many studies have been conducted on UV disinfection using turbidity as 
a measurement of particle counts, and the results showed that increasing turbidity resulted 
in increasing protection for microorganisms against UV radiation (Shaban et al., 1997), 
and that turbidity of less than 10 NTU could impact the inactivation of coliform bacteria 
and Bacillus spores (Ormeci and Linden, 2002; Mamane-Gavetz and Linden, 2004; Craik 
and Uvbiama, 2005). However, the effect of turbidity alone is insufficient to explain and 
represent the effect of particles on UV disinfection of microorganisms, because other 
factors such as particle sizes and size distributions, particle concentrations and the type of 
particles may add complexity to the problem. However, there are three main factors that 
influence the extent to which particle contents can affect UV disinfection (Caron et al., 
2007) and these are discussed subsequently. 
 
2.5.2.1 Particle concentration and particle size distribution 
Recent studies have investigated low levels of turbidity on UV disinfection, and reported 
no negative impacts (Batch et al., 2004; Passantino et al., 2004). One of the reasons for 
this may be due to the low concentration of particles which did not provide sufficient 
protection for the microorganisms. This suggests that there is a likely threshold 
concentration of particles below which protective effects are not apparent and the 
presence of these particles do not impact UV disinfection. The size of particles present in 
the water also greatly influences inactivation of microorganisms. Studies conducted on 
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wastewater disinfection reported that particles of diameter between 7 to 10 µm were 
responsible for shielding of coliforms (Qualls et al., 1983; Jolis et al., 2001), while the 
inactivation of Mycobacterium terrae was reported to be adversely affected by particles 
larger than 41 µm (Bohrerova and Linden, 2006). For the case of microorganisms which 
are smaller in size such as viruses (e.g. T4 and MS2 coliphages), they may be easily 
shielded from UV radiation by particles smaller than 2 µm (Templeton et al., 2005).  
 
2.5.2.2 Association of microorganisms with particles 
The extent of association of microorganisms with particles in water can greatly influence 
UV disinfection efficiency by increasing the potential for shielding. Viruses, in particular, 
are known for being associated with particles in natural waters and wastewater because of 
their small sizes (Bitton, 1975; Gerba et al., 1978; Meschke and Sobsey, 1998). This 
association is largely believed to be due to electrostatic attraction (Gerba, 1984) and 
hydrophobic interactions (Wait and Sobsey, 1993). The danger to particle association is 
the potential for pathogenic microorganisms to be shielded from UV disinfection and later 
released from the particles into the water. This may pose a health risk and it is thus very 
important that water be filtered properly to achieve low particle counts before entering the 
UV disinfection system, because this will ensure the removal of particle-associated 
microorganisms and the remaining microorganisms left in the water are suspended and 
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2.5.2.3 Nature of particles 
Although it is generally agreed that the presence of particles can offer protection from UV 
radiation, the nature of the particles present in water can affect the extent of this 
protection. Chemical flocs and organic flocs in wastewater have been shown to offer 
significant shielding from UV radiation (Templeton, 2005; Mamane and Linden, 2006) 
while kaolin clay particles did not offer significant protection (Templeton, 2005). 
 
2.5.3 Intrinsic resistance of microorganisms 
UV disinfection has proven to be highly effective among various microorganisms, thereby 
favoring the use of this technology over other technologies as an alternative disinfectant to 
chlorination. However, the UV disinfection efficiency varies from microorganism to 
microorganism. The range of monochromatic (LP) UV doses required to inactivate 
various microorganisms are listed in Table 2-2.  
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Table 2-2  Range of UV doses required for inactivation of various microorganisms 
(extracted from Hijnen et al., 2006) 
Microorganism UV dose range (mJ/cm2) 
Viruses  
 Poliovirus type 1 5 – 50  
 Adenovirus strain 40 8 – 184  
 Rotavirus 5 – 50  
 Hepatitis A 5 – 28  
 MS2 coliphage 5 – 139  
 T7 coliphage 5 – 20  
Bacteria  
 Salmonella typhi 2 – 10  
 Shigella dysenteriae 1 – 5  
 Vibrio cholerae 0.6 – 4  
 Legionella pneumophila 1 – 12  
 Escherichia coli O157 1 – 7  
Protozoa  
 Cryptosporidium parvum 0.9 – 13.1 
 Giardia muris 1.5 – 11  
 Giardia lamblia 0.05 – 1.5  
 
It can be seen that pathogenic bacteria and protozoa are inactivated at very low UV doses, 
way below those that are typically applied in full-scale applications (> 40 mJ/cm2). 
Viruses are the most UV resistant, with most viruses being inactivated at UV doses near 
that of practical applications. MS2 coliphage is currently used as the viral indicator for 
UV disinfection because it is the most UV resistant viral surrogate (Sommer et al., 2001). 
However, it may not be sufficient to represent adenoviruses, which are currently the most 
UV resistant waterborne pathogen (Gerba et al., 2002; Linden et al., 2007). Due to the 
huge variation in UV resistances of different microorganisms, UV disinfection systems 
have to be carefully designed to achieve the desired inactivation of most of the 
microorganisms present in the water. 
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2.6 Advantages and Disadvantages of UV Disinfection 
With recent concerns over health risks posed by chlorination by-products which have 
prompted the enforcement of stricter regulations with regards to by-product 
concentrations in drinking water, UV disinfection is being reconsidered as a viable 
alternative to chlorination. Some of the advantages associated with the use of UV 
disinfection for water treatment are discussed below. 
 
UV radiation has been proven in many studies to be highly efficient in the removal of 
emerging pathogens of concern such as Cryptosporidium parvum and Giardia. It is an 
environmentally safe, non-chemical and physical process. As such, it does not cause any 
changes to the water chemistry, so that the water remains essentially the same before and 
after treatment. Unlike chemical-based disinfectants, UV disinfection is unaffected by 
water temperature and pH (from pH 6-9) (Severin et al., 1983; Malley, 2000). For the 
same level of disinfection, the contact time required for UV disinfection is much lower 
(ranging from a few seconds to a few minutes) than chlorine which typically requires a 
contact time of about 30 minutes. A shorter contact time also translates to smaller 
reactors, and so the space required for UV reactors is also correspondingly smaller than 
that for chlorine. This space savings is a distinct advantage in land-scarce countries and 
cities. In terms of potential health issues, there are currently no measurable levels of 
disinfection by-products (DBPs) associated with UV disinfection at UV doses used in 
practice (Awad et al., 1993, Malley et al., 1995). This therefore allows authorities to meet 
the strict DBPs regulations which have been set up in view of the health risks associated 
with DBPs. Finally, many authorities are switching to UV disinfection because it makes 
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use of UV radiation which is produced on-site, so there is no need for the transport and 
handling of toxic chemicals, as in the case of chlorination. The absence of transport and 
handling costs also make UV disinfection a more economical choice. 
 
However, as with other technologies, UV disinfection also has its drawbacks. One of the 
problems with UV disinfection is that it is affected by turbidity and the presence of UV-
absorbing chemicals. This is because these factors prevent UV radiation from reaching the 
microorganisms to perform effective disinfection. Since UV disinfection is a physical 
process, the water does not contain any disinfectant residual to protect the water from re-
contamination of the water in the distribution system. UV disinfection also has high 
energy consumption because the radiation is produced on-site. This is especially so for the 
MP UV lamps, as the lamps are not energy efficient. Finally, a major problem associated 
with UV disinfection is that of DNA repair, where UV-induced dimers are 
repaired/removed via natural repair mechanisms. DNA repair allows the inactivated 
microorganisms to regain activity and re-contaminate the water. Without a disinfectant 
residual, the problem becomes even more severe. The issue of DNA repair will be 
discussed further in subsequent sections.  
 
2.7 Applications of UV Disinfection 
Although UV disinfection was primarily developed for the disinfection of water, the 
technology has evolved into a multi-purpose disinfectant. There are currently many 
different applications of UV disinfection in various industries, and some of them are listed 
in Table 2-3. 
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Table 2-3  Applications of UV Disinfection 
(Wright and Cairns, 1998) 
 
Drinking Water      Commercial 
 Municipal      Fish hatcheries 
 Communal      Hydroponics 
  Subdivisions     Laboratories 
Mobile home parks    Aquaria 
Camp grounds     Restaurants 
Hunting lodges 
  Ski Resorts   Industrial 
Hotels      Breweries 
Ships      Pharmaceutical 
 Institutional      Bottlers 
   Hospitals     Electronics 
   Schools      Canneries 
   Nursing Homes     Dairy 
   Community centers    Food 
  Residential      Marine 
         Distilleries 
 Wastewaters       Petroleum 
  Municipal      Textile 
  Communal      Cosmetics 
  Institutional      Printing 
  Residential 
 
For the disinfection of water and drinking water, the North Americans have had 
considerable experience with the use of UV radiation for municipal wastewater 
disinfection and are beginning to consider UV technologies more seriously for drinking 
water disinfection, as evidenced by the construction of the world’s largest UV disinfection 
facility for drinking water treatment in New York (Portoti et al., 2006). In Europe, the 
trend is reversed (Cairns, 1993). As of 1996, a survey conducted by the USEPA found 
that there are over 2000 installations (less than 1 MGD) in Europe using UV technology 
for drinking water disinfection and 1000 such installations in the U.S.A. (USEPA, 1996). 
Successful implementation of large-scale UV disinfection of drinking water in Europe, 
e.g. Helsinki (Finland), Stockholm (Sweden), Wahnbach (Germany) in the last decade has 
further raised the popularity of UV disinfection for drinking water treatment. Elsewhere in 
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Europe, Belgium and Netherlands have shown strong indications to change their drinking 
water disinfection practices from chlorination to UV disinfection (Connell, 1998). 
Netherlands, in particular, embarked on the construction of a drinking water facility in 
Rotterdam with UV disinfection as the primary disinfectant in 2002, which once fully 
operational, will be the largest facility in Europe employing UV disinfection for drinking 
water treatment. 
 
In addition to drinking water disinfection, there are also installations which use UV 
disinfection on reclaimed wastewater, such as the Westside wastewater treatment facility 
in Florida, USA, the Honouliuli Water Recycling facility in Hawaii and the NEWater 
treatment plants in Singapore. The increasing number of UV disinfection installations 
worldwide shows that UV disinfection will likely be the preferred disinfection technology 
for the future. However, research in UV disinfection has only been in full force in the last 
twenty years with most of the research concentrated on the LP UV lamp technology. With 
newer lamps being developed and introduced to the market, there remains much to be 
explored and understood in this field of disinfection in order to fully realize the potential 
of UV disinfection.   
 
Other than disinfection, which is the main application of UV technologies in water and 
wastewater treatment processes, there are also strategies to employ UV radiation for 
advanced oxidation purposes. In advanced oxidation purposes, UV disinfection systems 
have a dual-function, i.e., disinfection of microorganisms and the oxidation of organic 
contaminants. In the latter, chemicals and catalysts are added to form radicals in water 
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which react with the organic contaminants to break them down into simpler compounds, 
and ultimately, into carbon dioxide and water. This is an emerging technology that is 
being actively pursued by water authorities worldwide, and is currently generating much 
interest in the research field (Suty et al., 2004; Coleman et al., 2007; Gultekin and Ince, 
2007; Canonica et al., 2008). Practical applications have also begun in Holland, and more 
treatment plants are beginning to install UV disinfection systems for their ability to 
function in two processes. 
 
2.8 A Potential Problem in UV Disinfection – DNA Repair 
Chemical disinfectants inactivate microorganisms by targeting the cell membranes and 
killing the microorganisms directly. UV disinfection, on the other hand, performs 
inactivation via an indirect mechanism by preventing the proper functioning of the 
microorganisms such as replication and growth so that the ultimate result is death. Thus, it 
is possible that even with nucleic acid damage induced by UV radiation within the 
microorganisms, they are still able to perform functions that are commonly associated 
with ‘live’ cells. In fact, it has been reported that bacterial cells which lose viability after 
exposure to UV radiation are able to retain some other forms of activity such as 
respiration and bacterial electron transport (Blatchley et al., 2001). This has an important 
implication in that active, yet non-viable microorganisms may be able to regain viability 
through the natural repair processes available to them and reduce the efficacy of UV 
disinfection. 
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In the natural environment, microorganisms are frequently exposed to chemical and 
physical agents that can cause damage to their DNA. As a defense against such damage, 
microorganisms have evolved ways to repair or remove the DNA damage over millions of 
years (Yasui and McCready, 1998). As such, DNA repair mechanisms are present in all 
microorganisms. For UV disinfection, the repair processes that should be considered are 
divided into two categories – light repair (or photoreactivation) and dark repair. 
 
2.9 Photoreactivation and the Role of Photolyase 
2.9.1 Definition of photoreactivation and properties of photolyases 
Light repair, as the name suggests, involves the use of light in DNA repair and is 
commonly referred to as photoreactivation. Photoreactivation is an enzymatic, light-
dependent process which uses near-UV light between 300 to 500 nm to repair the DNA 
damage, in particular, the CPDs (Sancar et al., 1987). It has been reported to be 
responsible for the repair of up to 80% of the CPDs in DNA after UV disinfection 
(Oguma et al., 2001). Enzymes involved in the photorepair of UV-damaged DNA are 
known as DNA photolyases. There are two types of DNA photolyases: the CPD 
photolyases which repair CPDs, and the (6-4) photolyases which repair (6-4) 
photoproducts (Jorns, 1990; Todo, 1999). Since CPDs make up the majority of the 
photoproducts in the DNA of UV-inactivated microorganisms, and is better characterized 
than the (6-4) photolyases, the CPD photolyases will form the major part of the 
discussion.  
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Figure 2-8  Structure of the chromophores of DNA photolyases  
(Heelis et al., 1993) 
 
All CPD photolyases are apoenzymes which contain two light-harvesting chromophores: 
a flavin adenine dinucleotide (FAD) cofactor, and a coenzyme which is either a 5,10-
methenyltetrahydrofolate (MTHF) or an 8-hydroxy-5-deazariboflavin (Yasui et al., 1994; 
Todo, 1999). CPD photolyases that contain the MTHF coenzyme are classified as type I 
photolyases while the latter are classified as type II photolyases (Carell et al., 2001). The 
structures of the chromophores of DNA photolyases are presented in Figure 2-8.  
 
The coenzymes of photolyase are the primary absorbers of photoreactivating light and are 
hence responsible for a distinctive absorbance spectra (Sancar, 1990), where the 
maximum wavelength absorbance ranges from 375 to 385 nm for type I photolyases and 
from 435 to 445 nm for type II photolyases. The maximum wavelength absorbance also 
indicates the wavelength range most effective for photoreactivation in vivo. A list of the 
physical properties of photolyases isolated from various organisms is found in Table 2-4.  
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Table 2-4  Physical Properties of Photolyases Isolated from Different Organisms 
(Sancar, 1990) 
λmax (nm) Source of enzyme Mr 
(Dalton) 
Number of 
amino acids / 
trp residues 
Photoreacti-













































Of all the photolyases that have been isolated, most studies on photolyases have been 
conducted on those purified from E. coli which has a wavelength absorption maximum at 
380 nm (Sancar et al., 1987; McFarlane and Stanley, 2001; Brydin et al., 2002; Kavakli 
and Sancar, 2004), even though E. coli photolyases were not the first to be purified. This 
is because E. coli is widely known to be capable of photoreactivation and it is also 
commonly used in microbiology and molecular biology studies. Therefore, investigations 
targeted at understanding E. coli photolyases and the photoreactivation mechanism in E. 
coli proceeded at a much faster rate than other photolyases. In view of this, the subsequent 
sections on photoreactivation will be discussed mainly with respect to E. coli. 
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CPD PRE PRE 
Light (>300 nm) 
+ 
PRE 
(a) (b) (c) (d) 
Figure 2-9  Process of photoreactivation. (a) DNA containing CPD, (b) Binding of 
photoreactivating enzyme (PRE) to CPD, (c) Absorption of light by PRE, (d) Splitting of dimer 
and release of PRE 
2.9.2 Photoreactivation mechanism 
In recent years, the use of high resolution spectroscopic and sophisticated 
electrochemistry techniques has allowed researchers to gain more insight to the 
mechanisms by which DNA photolyases perform photoreactivation, even though the exact 
mechanism is still not known (Kavakli and Sancar, 2004; DeRosa et al., 2005). A 
simplified diagram showing the various steps involved in photoreactivation is depicted in 








Initially, the presence of CPDs in DNA is recognized and induces the photolyase to scan 
the genome continuously for UV lesions. This occurs even in the absence of light. As 
soon as the CPD is detected, photolyase binds itself to the CPD to form an enzyme-
substrate complex. This triggers a conformational change in the DNA, inducing a DNA 
bending of 36° so that the CPD is extruded out of the DNA helix (Carell et al., 2001). 
Such a positioning allows the FAD to be very close to the CPD to be split. The binding of 
photolyase to the CPD is a reversible step, but the rate of dissociation of the complex is so 
low that the forward reaction (i.e. formation of the enzyme-substrate complex) is highly 
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favored (Harm, 1980). Following that, exposure to light of wavelength above 300 nm 
allows the coenzyme in the photolyase to harvest the energy from the light and transfer it 
to the FAD, bringing to an excited state. What follows is a series of electron transfer 
within the photolyase, starting with an electron donation from the excited FAD to the 
CPD. This splits the dimer to form monomers, which accomplishes the CPD removal and 
DNA repair. Once the dimer is monomerized, the oxidized FAD is then reduced back to 
its native state by electron transfer from nearby tryptophan residues (W382, W359 and 
W306) (Aubert et al., 2000). It is to be noted that this is only a putative mechanism of 
electron transfer chain for photoreactivation, since no direct proof of the involvement of 
the tryptophan residues W359 and W382 in electron transfer have been presented so far 
(Byrdin et al., 2003). After the FAD reverts to its native state, the whole process of 
photoreactivation is repeated for other CPDs. The crystal structure of E. coli photolyase 
with the thymine dimer is as shown in Figure 2-10. 
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Figure 2-10  Structure of E. coli DNA photolyase in a ribbon representation. The 
FAD cofactor and MTHF are shown in blue and green, respectively. A thymine dimer at a 
position predicted by molecular modeling calculations is shown in red. Selected amino 
acid residues that play important functional roles in substrate binding, photoreactivation 
and photoreactivation are also depicted. (Weber, 2005) 
 
It has been reported that photoreactivation can take place even without the presence of the 
coenzyme, as it is neither required for substrate binding or enzyme activity (Heelis et al., 
1993). However, the presence of the coenzyme greatly enhances the rate of dimer repair 
and efficiency of photoreactivation, since it is responsible for 60-80% of the absorbance 
of photolyase at 365 nm (Sancar and Sancar, 1987). The activity of photolyase has also 
been closely related to the oxidation state of the FAD cofactor, where only the reduced 
form of the flavin is catalytically active both in vivo and in vitro (Payne et al., 1987). 
Purified fractions of E. coli photolyase are visibly blue in color and contain the neutral 
flavin which will require photoreduction in the presence of light, or with a reducing agent 
to regain activity (Kavakli and Sancar, 1990). Oxidation of the flavin causes inactivation 
of the enzyme (Jorns et al., 1987). 
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2.9.3 Photoreactivation of Microorganisms after UV disinfection 
Photoreactivation is of particular significance in UV disinfection because the 
photoreactivated microorganisms can carry out replication and growth and reduce the 
efficacy of the disinfection process. In addition, photoreactivation of pathogenic 
microorganisms are a potential public health risk. Studies on photoreactivation in the area 
of UV disinfection of water started as early as the 1980s, and many research groups have 
been working on this topic for the past two decades.  
 
From the data that have been gathered on photoreactivation, it is now known that bacteria, 
but not viruses, perform photoreactivation. Also, since photoreactivation is performed by 
photolyase, only bacteria cells that contain the genes for photolyase are able to perform 
photoreactivation. In experiments on photoreactivation, it is represented by an increase in 
the log counts of the microorganism. The increase in log counts typically occurs within 
the first two hours of light exposure after UV disinfection, eventually reaching a 
maximum level which remains constant throughout the course of the experiments 
(Kashimada et al., 1996). As such, photoreactivation data is usually quantified using the 
log increase method where photoreactivation is defined by the different in log survival of 
the microorganism before and after photoreactivation (Scheible and Bassell, 1981; Whitby 
et al., 1984; Harris et al., 1987), represented by the formula shown below: 
( ) ( )0PR NlogNlogCFU/ml) (logivation Photoreact of Level −=    Eq. (2-2) 
where NPR is the concentration (CFU/ml) of the microorganism after photoreactivation 
and N0 is the concentration (CFU/ml) of the microorganism before photoreactivation. 
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However, quantifying photoreactivation in this manner was found to be inadequate in 
defining the relationship between the extent of photoreactivation and UV dose 
(Lindenauer and Darby, 1994). Therefore, Lindenauer and Darby (1994) have proposed to 
use an alternative method of quantifying UV dose – the percentage photoreactivation 
method which is represented by  
( ) ( )
( ) ( ) %100NlogNlog





=   Eq. (2-3) 
where Ninitial is the concentration (CFU/ml) of the microorganism before UV irradiation. 
 
Although the log increase method is still very commonly used in photoreactivation studies 
(Oguma et al., 2001; Zimmer and Slawson, 2002), other studies have also started to use 
the percentage photoreactivation method to quantify photoreactivation (Hu et al., 2005; 
Quek et al., 2006).  
 
Most investigations have been conducted on various strains of the model bacteria, 
Escherichia coli, and maximum photoreactivation levels of E. coli of up to 3.4-log have 
been reported (Harris et al., 1987). Such high levels of photoreactivation may cause 
bacteria concentrations in the treated water to exceed the regulatory limits. Another 
bacteria, Streptococcus faecalis, was found to perform photoreactivation to levels of about 
2.3-log in the same study. Figure 2-11 shows the photoreactivation results for various 
microorganisms. It is clear from the results that the UV dose required when 
photoreactivation was taken into account was twice that when photoreactivation was 
ignored for equivalent inactivation of E. coli. 




Figure 2-11  Ultraviolet dose required for 99.9% inactivation of selected bacterial 
and viral microorganisms. 
(Harris et al., 1987) 
 
Other than E. coli, other microorganisms have also been investigated for their ability to 
carry out photoreactivation, especially with emerging pathogens such as Cryptosporidium 
parvum and Legionella spp. which are critical public health concerns. It was found that C. 
parvum does not exhibit photoreactivation (Shin et al., 2001; Oguma et al., 2001; Zimmer 
et al., 2003) after inactivation with both LP and MP UV lamps. Legionella pneumophila, 
on the other hand, was reported to exhibit very high photoreactivation levels (Oguma et 
al., 2005), after disinfection with both types of lamps. Other Legionella species were also 
able to counter the effects of LP UV disinfection via photoreactivation (Knudson, 1985). 
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These results indicate that pathogens are capable of photoreactivation as well. Therefore, 
it is important that photoreactivation of pathogens and indicator microorganisms be 
evaluated so that it can be taken into account in the future for the design of drinking water 
UV disinfection systems to minimize the recovery of inactivated pathogens.  
 
2.9.4 Factors affecting Photoreactivation 
2.9.4.1 Light Intensity  
The extent and rate of photoreactivation can be affected by some factors, and one of the 
most important influencing factors is the dose and intensity of the photoreactivating light. 
Past experiments have shown that increased exposure to photoreactivating light will 
increase the extent of photoreactivation, eventually reaching a maximum, after which 
further light exposure will result in no further increase in photoreactivation (Kelner, 1951; 
Chrtek and Popp, 1991; Lindenauer and Darby, 1994). The data from these studies clearly 
show a positive correlation between photoreactivation and photoreactivating light doses. 
Kashimada et al. (1996) found that light intensity, instead of the overall dose, played a 
more critical role in photoreactivation. This is because with higher light intensity, more 
energy is available per unit time, so that this increased energy level can be channeled 
towards a higher rate of photoreactivation. However, most studies involving 
photoreactivation utilized very low photoreactivating light intensities (less than 1 mJ/cm2) 
and illuminance (up to 23,500 lux). These are much lower than that in the natural 
environment. For example, Tosa and Hirata (1999) reported that that sunlight intensity on 
a sunny day in winter in Japan is about 2 mJ/cm2. Also, the illuminance of tropical 
noontime sunlight is about 100,000 lux (measured data in this study), which is more than 
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four times that of the highest illuminance investigated so far (Sommer et al., 1998). 
Hence, with such intense photoreactivating light present in the natural environment, 
photoreactivation levels may be higher than those previously reported, and 
photoreactivation under such high intensities should be investigated in more detail.  
 
2.9.4.2 Wavelength of Photoreactivating Light 
Although photolyases obtain the energy for photoreactivation from light over a broad 
range of wavelengths (300 – 500 nm), the rate of photoreactivation can be dependent on 
the wavelength that is used for photoreactivation. This is because of the absorption 
spectrum of photolyase, where photoreactivation at the wavelengths closer to the 
absorption maxima are higher than at other wavelengths. For example, repair of dimers by 
E. coli photolyase was found to be the highest when exposed to light at its absorption 
maxima of 384 nm (Sancar et al., 1987). Thus, the wavelength of the photoreactivating 
light is also an important determining factor for photoreactivation. In previous studies, the 
photoreactivation methodology included exposure of irradiated suspensions to fluorescent 
light to simulate light exposure in the natural environment (Harris et al., 1987; Kashimada 
et al., 1996; Mofidi et al., 2002; Oguma et al., 2005). However, the spectra of these 
fluorescent lights may be different from natural sunlight; sunlight contains a wide 
spectrum of radiation ranging from the ultraviolet to the visible light region while 
fluorescent lights do not contain wavelengths in the UVA and UVB regions. The wider 
spectrum of radiation present in sunlight is likely to aid in photoreactivation to a larger 
extent than fluorescent light. The intensity of fluorescent and sunlight may also be highly 
different, especially since there is an upper limit to the intensity of fluorescent light. As 
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such, the photoreactivation results from fluorescent light exposure may not reflect the 
actual situation in the natural environment. Although there is a need to compare the 
effects of fluorescent light and sunlight on photoreactivation, there is currently very 
limited information in this aspect of photoreactivation. To date, only Bohrerova and 
Linden (2007) have investigated the effects of various fluorescent light sources and 
sunlight on photoreactivation and concluded that wavelength spectra and intensity can 
have a significant effect on photoreactivation. This further underlines the importance of 
evaluating the various light conditions for photoreactivation so that photoreactivation can 
be prevented in practice. 
 
2.9.4.3 Temperature 
Since photoreactivation is an enzyme-mediated process, another factor that can play an 
important role in influencing the rate of photoreactivation is temperature. Most of the 
investigations on photoreactivation have been performed at room temperature, which can 
vary from place to place. Room temperatures in the tropical regions can be as high as 
30°C while those in subtropical countries during winter may be as low as 10°C. Such a 
wide variation in temperatures may have a different impact on photoreactivation results. 
So far, very few studies have been devoted to investigating this effect, and have only 
covered photoreactivation following LP UV disinfection (Chan and Killick, 1995; 
Salcedo et al., 2007). In those studies, it was found that the rate of photoreactivation 
increased with temperature, suggesting that high temperatures should be avoided for UV-
disinfected water. The effects of temperature on photoreactivation following MP UV 
disinfection have yet to be studied.  
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2.9.4.4 Operating conditions – UV lamp type and UV dose 
The operating conditions under which UV disinfection was performed can also affect 
photoreactivation. One of the conditions is the type of UV disinfection employed – LP or 
MP UV disinfection. Both Oguma et al. (2002) and Zimmer and Slawson (2002) reported 
that photoreactivation of E. coli was minimal after exposure to MP UV radiation, as 
compared to apparent increases in log counts following inactivation with an LP UV  lamp. 
This was thought to be because of the broader wavelength spectrum emitted by MP UV 
lamps, which may have caused additional damage to either the DNA or other intra-
cellular molecules, thereby resulting in the inability of the bacteria to perform 
photoreactivation. In addition, UV doses have also been found to be inversely related to 
the extent of photoreactivation (Lindenauer and Darby, 1994). This was because with the 
application of a higher UV dose, the amount of UV energy delivered to the DNA of the 
bacteria is higher and results in more dimers being formed in the DNA (Oguma et al., 
2001). This therefore restricts the ability of photolyase to repair the DNA, and therefore 
results in a lower level of photoreactivation.  
 
Unfortunately, the UV doses investigated in photoreactivation studies for drinking water 
disinfection are usually very low, with a maximum of about 15 mJ/cm2 (Harris et al., 
1987). In practices, however, applied UV doses are typically above 40 mJ/cm2. Therefore, 
in order to understand photoreactivation in practice, higher UV doses should be used in 
UV disinfection experiments. In addition, although there is much information for 
photoreactivation following LP UV disinfection, relatively fewer publications have 
touched on MP UV disinfection. With water authorities opting for MP UV disinfection 
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due to their higher intensity and smaller space required, it is important that the lack of 
knowledge with regards to photoreactivation following MP UV disinfection be improved 
upon with more studies conducted in this area. 
 
2.9.4.5 Presence and amount of photolyase 
Most importantly, the rate at which photoreactivation occurs also varies depending on the 
amount of the DNA photolyase present in each microorganism. With a higher amount of 
DNA photolyase present, it is likely that more CPDs can be repaired, thereby leading to a 
higher the rate of photoreactivation. Due to the fact that photolyase has to be present in 
the microorganisms in order for photoreactivation to take place, not all microorganisms 
are able to carry out this process. Some microorganisms which have been shown to be 
able to perform photoreactivation include Escherichia coli, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, Salmonella typhi, Salmonella typhimurium, Vibrio cholerae, 
Yersinia enterocolitica and Enterobacter cloacae (Kaslisvaart, 2001). The list of 
microorganisms above includes well-known waterborne pathogens as well as emerging 
pathogens which are of significant health risk. If photoreactivation of these inactivated 
pathogens should occur, widespread diseases might result. Most photoreactivation studies 
have been conducted on the model bacteria E. coli because it is an indicator bacteria, and 
its photoreactivation characteristics are well-known. But as photoreactivation varies from 
organism to organism, it is crucial that photoreactivation be investigated for these 
pathogens of concern, instead of merely relying only on data for E. coli. Moreover, UV 
disinfection does not provide a residual disinfectant that can help to suppress this 
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phenomenon. Hence it is very important that photoreactivation following UV disinfection 
be thoroughly investigated so that preventive measures can be designed and put in place. 
 
2.9.5 Dark repair 
Dark repair is a collective term for the various DNA repair processes that do not require 
light, such as base excision repair (BER) and nucleotide excision repair (NER). Unlike 
photoreactivation, dark repair mechanisms use a variety of proteins to perform repair. 
BER targets non-bulky lesions such as uracil, thymine glycols and hydrates, and performs 
repair in two steps. In BER, the base is cleaved and removed from the deoxyribose 
backbone, and then the gap is filled to repair the patch (Sancar, 1996). But it does not 
repair the common photoproducts in UV disinfection (i.e., CPDs and 6-4 photoproducts). 
NER, on the other hand, is less specific than BER in DNA repair, and is versatile enough 
to be able to repair a broad spectrum of DNA damage (Grossman and Kovalsky, 2001). 
As such, the repair process consists of more steps which start off with damage recognition 
similar to that in photoreactivation with the UvrA and UvrB proteins. Once the proteins 
are bound to the DNA damage site, the UvrC endonuclease incises the DNA strand at 
both ends of the DNA damage. Exonucleases are used to remove the fraction of DNA 
containing the damage, while polymerases start to fill up the gaps with the correct 
nucleotide bases. Finally, the newly constructed nucleotide is ligated to the DNA by the 
action of DNA ligases (van Houten, 1990; Sancar, 1996). It is clear that NER is a complex 
repair process and involves the use of multiple proteins and enzymes. However, studies 
have shown that dark repair does not occur to a significant extent after UV disinfection for 
some microorganisms such as E. coli and C. parvum (Oguma et al., 2001; Zimmer and 
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Slawson, 2002). Zimmer and Slawson reported only a 0.4-log repair of E. coli in the dark 
at a LP UV dose of 8 mJ/cm2. Therefore, more attention has been paid to 
photoreactivation. Nevertheless, dark repair can potentially occur in the drinking water 
distribution systems where light exposure is minimal, and may therefore be of interest as 
well. 
 
2.10 UV Disinfection and DNA Repair of Escherichia coli 
Escherichia coli is a bacterium that resides in the intestines of all animals and is 
commonly used in water and wastewater treatment as an indicator of fecal or microbial 
contamination. It is also frequently used in disinfection research as it is mostly non-
pathogenic and can be cultured quickly in large numbers. The methods of detection of E. 
coli are also simple and rapid, and thus afford much savings in the enumeration of the 
bacteria. 
 
2.10.1 UV disinfection of E. coli 
Due to the fact that E. coli is so commonly encountered in microbiology research 
laboratories, there is abundant literature on the UV inactivation of E. coli, with most of 
the research focused on the effects of LP UV disinfection since it was the only type of 
lamp available in the early years of UV disinfection research. LP UV disinfection has 
been shown to be highly effective on E. coli, achieving up to 4-log inactivation with LP 
UV doses of less than 10 mJ/cm2 (Harris et al., 1987; Sommer et al., 1998; Otaki et al., 
2003). With the introduction of the newly developed MP UV lamps, some researchers 
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have also evaluated its efficiency and found it to be similar to that of LP UV lamps 
(Mofidi et al., 2002b; Zimmer and Slawson, 2002).  
 
However, many of the dose-response relationships were obtained using tests on non-
pathogenic indicator strains of E. coli, and sometimes, the doses for practical applications 
were derived based on these relationships. But several researchers have found that there is 
a substantial dose-response variation between E. coli strains (Sommer et al., 2000; Mofidi 
et al., 2002b). For example, Mofidi et al. (2002b) reported that a UV sensitive strain 
(ATCC 23229) showed nearly 7-log inactivation with a UV dose of 1 mJ/cm2, while less 
than 5-log inactivation was achieved with a UV dose of 11 mJ/cm2 for a less susceptible 
strain (ATCC 15597). With such a considerable range of dose-responses, it is imperative 
that these dose-responses be compared with those of pathogenic strains to ensure that that 
UV doses applied in practice are sufficient to inactivate the pathogenic strains as well.  
 
Inactivation kinetics of some pathogenic strains of E. coli have been investigated 
previously (Tosa and Hirata, 1999; Sommer et al., 2000; Mofidi et al., 2002b), with the 
most commonly studied strain being of the serotype O157:H7. E. coli O157:H7 is an 
enterohemorrhagic (EHEC) strain which produces large quantities of shiga-like toxins. 
These toxins damage the intestinal linings, leading to severe abdominal pains, bloody 
diarrhea and vomiting. Waterborne outbreaks of E. coli O157:H7 have been reported in 
many places, with 31 outbreaks occurring between 1982 and 2002 in the United States 
alone (Rangel et al., 2005). Such waterborne outbreaks have the ability to infect many 
people due to the fact that most of them occur because of contamination of general water 
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supplies shared by a large number of people , and are thus of great public health concern 
(Swerdlow et al., 1992; Olsen et al., 2002). For UV disinfection, Mofidi et al. (2002b) 
reported 4-log inactivation of E. coli O157:H7 using a low UV dose of 3 mJ/cm2. Sommer 
et al. (2000) tested UV disinfection on three E. coli strains of the serotype O157:H7 and 
reported 4-log reduction using UV doses of less than 10 mJ/cm2. However, it was also 
reported in the same study that the inactivation rates of the three strains varied 
significantly, with the most susceptible strain showing inactivation rates more than 5 
times that of the least susceptible strain. The above studies investigated only LP UV 
disinfection, and so far, there is a lack of information on the MP UV disinfection of 
pathogenic E. coli.  
 
2.10.2 DNA repair of E. coli 
As photoreactivation is a major concern in UV disinfected water, much attention has been 
attached to this aspect. In this aspect, E. coli has shown to be one of the most commonly 
researched upon microorganism. This is because it has been shown to be able to perform 
photoreactivation, and its photoreactivation characteristics are well-known (Zimmer and 
Slawson, 2002). Studies into the photoreactivation of various strains of non-pathogenic E. 
coli following LP UV disinfection have shown, undoubtedly, that photoreactivation does 
occur, but the extent of this phenomenon varies from strain to strain (Lindenauer and 
Darby, 1994; Kashimada et al., 1996; Shin et al., 2001). Harris et al. (1987) reported up to 
3.4-log photoreactivation of E. coli, but a more recent study conducted with higher 
photoreactivating light intensities showed a slightly higher photoreactivation level of 
3.56-log (Sommer et al., 2000). For the pathogenic E. coli O157:H7, reports on 
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photoreactivation have been contradictory. Tosa and Hirata (1999) concluded from their 
study that no photoreactivation occurred, while Sommer et al. (2000) reported apparent 
photoreactivation for three different strains of the same serotype. In fact, the latter study 
revealed that an initial 4-log reduction of E. coli O157:H7 was reduced to 1-log reduction 
after only 2 hours of exposure to long wavelength light. Such contradictory results are 
inconclusive and make it difficult to evaluate the overall efficiency of UV disinfection for 
pathogenic bacteria with the consideration for photoreactivation. More studies are thus 
required to obtain more conclusive results. 
 
Research on MP UV lamps only began in earnest in the mid- to late 1990s and results on 
photoreactivation following MP UV disinfection have only been published in recent 
years. Nevertheless, the results prove promising. Two independent studies found that 
limited photoreactivation occurred after MP UV disinfection. Oguma et al. (2002) 
reported that photoreactivation reduced E. coli inactivation from 3-log to 0.9-log after LP 
UV disinfection but only to 2.3-log after MP UV disinfection. In the other study, Zimmer 
and Slawson (2002) reported that no repair was detectable following MP UV radiation 
exposure (5 – 10 mJ/cm2), and minimal repair was observed only when the UV dose was 
lowered to 3 mJ/cm2. In both studies, investigations were carried out at UV doses of less 
than 10 mJ/cm2, which are much lower than that typically applied for drinking water 
treatment, which is around 40 mJ/cm2. If photoreactivation can be suppressed using MP 
UV disinfection at low UV doses, then it is even more likely to be suppressed at higher 
UV doses. Such results are encouraging indeed and have promoted the use of MP UV 
disinfection in favor of the traditional LP UV technology.  
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The ability of MP UV disinfection to prevent photoreactivation from taking place is a 
highly interesting phenomenon, but there have been no conclusive findings on the 
mechanism for this. Some explanations that have been put forth to explain 
photoreactivation by MP UV disinfection include increased damage to DNA and damage 
to critical biomolecules other than DNA (Oguma et al., 2002, Zimmer and Slawson, 
2002). The former case is unlikely as it has been found that the amount of CPDs induced 
in DNA by LP and MP UV radiation are not significantly different (Oguma et al., 2002). 
As to the latter case, the broad wavelength spectrum of MP UV radiation can potentially 
affect biomolecules other than DNA, since different molecules absorb at different 
wavelengths. For example, while DNA and RNA absorb strongly in the UV-C region with 
absorption maxima at 260 nm, proteins and enzymes typically have an absorption peak 
around 280 nm (Kalisvaart, 2001), which is not present in LP UV radiation. Proteins and 
enzymes are a very important group of biomolecules because they control the proper 
functioning of the microorganism. Hence, exposure of microorganisms to MP UV 
radiation may result in the absorption of photons by the proteins or enzymes within the 
microorganisms leading to the dissociation of molecular bonds and finally loss of 
biological activity. In most cases, proteins are present in cells with a considerable number 
of copies so that biological function can still be carried out even if a fraction of them lose 
biological activity (Harm, 1980). Hence the effect of MP UV disinfection on most 
proteins and enzymes may be relatively insignificant as compared to that on DNA. In the 
case of photoreactivation, damage to photolyase can be potentially disastrous. This is 
because photolyase is present in the cells with very small numbers; there are only 
approximately 10 to 20 photolyase enzymes in each E. coli cell (Harm, 1980). This 
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implies that damage to photolyase by MP UV radiation could be critical. Damage to 
photolyase can be in the form of reduction in the number of photolyases so that a longer 
time is required to repair all CPDs in order for the microorganisms to regain activity. It 
can also be in the form of a reduction in, or loss of, biological activity so that it cannot 
catalyze the photoreactivation reactions. Studies on photolyase have shown that its 
biological activity can be destroyed by 365nm radiation at high fluences (> 2 × 105 
mJ/cm2) (Tyrell et al., 1973; Brown, 1978), which is produced by MP UV lamps and not 
LP UV lamps. Therefore, it is very likely that  some form of damage to photolyase occurs 
when MP UV radiation is applied, so that photoreactivation cannot take place and is 
subsequently suppressed. However, limited information is available to confirm this 
hypothesis. Oguma et al. (2002) conducted an in vitro study on photolyase using the 
endonuclease sensitive site (ESS) assay and found that MP-exposed photolyase was able 
to perform photoreactivation on irradiated E. coli DNA. It was therefore concluded that a 
reduction in the number of photolyase enzymes in E. coli was the cause of 
photoreactivation suppression by MP UV disinfection. In a follow-up study, various 
wavelengths in MP UV radiation were selected (230, 254 and 280 nm) and were not 
found to affect photoreactivation (Oguma et al., 2005). This led to the conclusion that the 
simultaneous exposure of E. coli to a broad spectrum of wavelengths in MP UV radiation 
was the cause of the photoreactivation suppression phenomenon.  However, photolyases is 
known to absorb radiation at 280 nm. Since the absorption at this wavelength does not 
affect photoreactivation according to Oguma et al. (2005), then it is unlikely that the 
absorption of UV radiation at this wavelength would result in a decrease in the number of 
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photolyases. The results are therefore conflicting, and further studies into this are 
warranted. 
 
Other than this study, there is still insufficient literature available to explain why 
photoreactivation is less significant following MP UV disinfection than LP UV 
disinfection. Currently, the scientific community can only guess at the possible reasons 
for photoreactivation suppression by MP UV disinfection, but there is no concrete 
evidence to support the hypotheses. Further investigations should therefore be carried out 
in order to help authorities make more informed choices on UV systems for water 
disinfection and to augment the knowledge in this area of UV technology. 
 
In E. coli, dark repair has been found to be much less significant than photoreactivation. 
Oguma et al. (2001) found that neither dimer repair nor recovery of E. coli occurred when 
irradiated suspensions were incubated in the dark. Zimmer and Slawson (2002) also found 
that irradiated E. coli exhibited limited or no dark repair, and similar conclusions were 
reported by Salcedo et al. (2007). Hu et al. (2005) observed up to 0.8-log increase in E. 
coli concentrations in the dark. The differences in results could be attributed to the 
different E. coli strains employed in the studies. Nevertheless, the ability of 
microorganisms to perform dark repair in distribution systems can potentially be a public 
health threat and should therefore not be taken lightly. The effect of dark repair of 
indicator and pathogenic microorganisms on the efficiency of UV disinfection should be 
properly investigated and considered when deciding the UV dose to be used for practical 
applications. 
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CHAPTER 3 MATERIALS AND METHODS 
 
3.1 Overview 
As mentioned in Chapter 1, the research in this thesis was conducted on two levels: the 
cellular level and the sub-cellular level. In this chapter, the materials and methods used 
for each part of the study are detailed below. 
 
3.2 Cellular level study 
3.2.1 Bacteria strains 
Escherichia coli was chosen for this study as its repair characteristics are well-known and 
it is commonly used as a bacteria indicator in disinfection studies. A total of seven E. coli 
strains were used in the study. Four E. coli strains (ATCC 11775, 11229, 15597 and 
700891) were purchased from the American Culture Type Collection, two strains 
(NCIMB 9481 and 10083) from the National Collections of Industrial, Marine and Food 
Bacteria and one strain (CCUG 29188) was purchased from the Culture Collection of the 
University of Göteborg. The microbiological characteristics of the E. coli strains are 
detailed in Table 3-1. All strains (except E. coli O157:H7) were evaluated for their 
photoreactivation and dark repair abilities following LP and MP UV disinfection in order 
to select an indicator strain each for photoreactivation and dark repair. The selected 
strains were then compared to that of the attenuated E. coli O157:H7 strain (CCUG 
29188) to confirm their suitability as indicators representative of pathogenic strains. In 
the study which assessed the impact of influencing factors on photoreactivation, only E. 
coli indicator strains ATCC 11229 and ATCC 15597 were used. 
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Table 3-1  Characteristics of E. coli strains used 
E. coli strain Characteristics/Remarks 
ATCC 11775 Type strain for E. coli 
ATCC 11229 Commonly used in disinfection studies as indicator 
ATCC 15597 Derived from E. coli K-12 strain, bacteriophage host 
ATCC 700891 Contains Famp plasmid which confers ampicillin and 
streptomycin resistance, bacteriophage host 
NCIMB 9481 Host for phage lambda 
NCIMB 10083 Wild-type strain isolated from human feces  
CCUG 29188 Attenuated strain belonging to the E. coli O157:H7 serotype 
 
For each strain, an overnight phase was prepared by inoculating 1ml of the frozen stock 
culture into 30 ml of tryptic soy broth (TSB) (OXOID, CM129, OXOID Ltd, England) 
and shaking overnight (Environ-Shaker, Model 3527-1, Lab-lin Inc., USA) at 37 ± 1°C 
and 150-200 rpm. 1 ml of this overnight culture was then added to 30 ml of fresh TSB 
and incubated in a shaker for 4 h at 37 ± 1°C to obtain a log phase culture. The E. coli 
cells were harvested by centrifuging at 3000 × g for 10 min (Model 8510, Eppendorf 
International, Hamburg, Germany), washed twice with sterile 0.9% sodium chloride 
(NaCl) solution, and resuspended in 30 ml sterile distilled water. Just before UV 
irradiation, the suspension was diluted in sterile distilled water to obtain a concentration 
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3.2.2 UV disinfection 
All UV disinfection experiments were carried out in batch mode using a bench-scale 
collimated beam apparatus (Rayox® Model PS1-1-220, Calgon Carbon Corporation, 
USA), consisting of interchangeable low-pressure (10W) and medium-pressure (1kW) 
mercury lamps (Figure 3-1). The spectral outputs of both lamps are shown in Figure 3-2. 
 
 
Figure 3-1  Collimated beam apparatus for UV disinfection  
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Figure 3-2  Emission spectra of (A) LP and (B) MP UV lamps used in the study 
 
Ten ml of the prepared E. coli solution was dispensed into a 60-mm diameter Petri dish 
and exposed to UV radiation for a pre-determined exposure time to achieve the required 
UV dose providing an approximate 5-log reduction of the E. coli concentration. The 
applied UV doses and corresponding exposure times for the experiments were calculated 
by first measuring the incident irradiance on the surface of the E. coli suspension at the 
centre of the beam using a radiometer (Model IL1400A, International Light Technologies 
Inc., Newburyport, USA), and then applying various factors (Petri, sensor, reflection, 
water, divergence, germicidal factors) described previously (Zimmer and Slawson, 2002; 
Bolton and Linden, 2003) to obtain an average UV irradiance in the suspension. The 
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exposure times were obtained by dividing the applied UV dose by the average irradiance. 
All the bacteria samples were magnetically stirred throughout the irradiation process. 
Immediately after irradiation, 0.5 ml of the irradiated bacteria suspension was taken for 
the determination of bacteria concentration, while the rest of the sample was covered with 
a Petri dish lid and used for photoreactivation and dark repair studies within 3 min of 
irradiation. Samples were also taken before UV irradiation to confirm the expected log 
reduction. 
 
3.2.3 Photoreactivation and Dark Repair 
For photoreactivation, the Petri dishes containing the irradiated E. coli suspensions were 
placed on magnetic stirrers and stirred continuously while being exposed to various light 
sources and conditions for up to 4 h after UV irradiation. This time period of 4 h was 
selected for the photoreactivation experiments because it has been reported that 3 to 4 h 
would be sufficient to observe maximum photoreactivation in E. coli (Zimmer and 
Slawson, 2002). Bacteria samples were taken at hourly intervals for the determination of 
the E. coli concentrations. All experiments were conducted thrice to ensure 
reproducibility. In addition, control experiments were conducted using un-irradiated 
bacteria suspensions to ensure that changes in bacteria counts observed during the 
experiments were due only to photoreactivation and/or dark repair.  
 
(a) Fluorescent light 
The experiments with fluorescent light were conducted using a 20W fluorescent light 
lamp (National, Matsushita Electrical Industrial Co. Ltd, Japan) at a light intensity of 
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11.5 kLux. At this light intensity, the distance between the fluorescent light and the top of 
the Petri dish was about 3 cm. The light intensity was measured using a digital luxmeter 
(Model E2, B. Hagner AB, Sweden). The spectrum of the fluorescent light is shown in 





















Figure 3-3  Spectrum of fluorescent light used in photoreactivation experiments  
 
Light intensities in this study were measured in units of kLux instead of dose rate at 360 
nm which is employed by some researchers (Kashimada et al., 1996; Tosa and Hirata, 
1999), mainly because it measures the total energy that the bacteria cells are exposed to. 
The photoreactivation setup with fluorescent light is shown in Figure 3-4. The 
temperature for the repair experiments was maintained at 23 ± 1°C.  
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Figure 3-4  Setup for photoreactivation experiments  
 
(b) Sunlight 
The Petri dishes containing the irradiated E. coli suspensions were placed under tropical 
sunlight with intensities ranging from 1 – 80 kLux as measured by the digital luxmeter. 
The spectrum of the sunlight used is shown in Figure 3-5. Due to the variation of sunlight 
intensity with time, it was monitored every 30 min for the duration of the experiment and 
reported as a range of intensities, instead of a constant value as used for the fluorescent 
light experiments. The experimental setup for sunlight experiments is shown in Figure 3-
6. Temperature was maintained at 23 ± 1°C using a circulating water bath (Ministat 
Compatible Control, Huber, Offenburg, Germany) (Figure 3-6B).  
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Figure 3-5  Spectrum of sunlight employed for photoreactivation at a sunlight 
intensity of 60 kLux 
 
            
Figure 3-6  Experimental setup for photoreactivation experiments with sunlight - 
(A) Water bath and (B) Temperature control system for water bath. 
(A) (B) 
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(c) Temperature 
To investigate the effects of temperature on photoreactivation, irradiated E. coli 
suspensions were incubated in a cold room (4 ± 1°C), air-conditioned room (23 ± 1°C) 
and incubators (LM-590, Chemist Scientific Corp., Taiwan) set at 37 ± 1°C and 50 ± 
1°C. Photoreactivating light was provided at a constant intensity of 11.5 kLux from a 
20W fluorescent light source. 
 
The same procedures were adopted for dark repair, except that the Petri dishes were 
placed on magnetic stirrers in the dark, and covered with aluminum foil to prevent 
accidental exposure of samples to light during sample collection. 
 
3.2.4 Bacteria enumeration 
The determination of the E. coli concentrations was performed using the spread plate 
method in accordance to the Standard Methods (APHA et al., 1998), with the exception 
of the agar used. Briefly, samples were serially diluted using sterile 0.9% NaCl solution, 
plated in duplicate on tryptic soy agar (TSA) and incubated for 24 h at 37 ± 1°C. After 
incubation, the plates were counted and the counts were averaged and recorded as 
CFU/ml. 
 
3.2.5 Data analysis  
The occurrence of repair is indicated by an increase in the bacteria concentration with 
time of exposure to different conditions of light intensity and temperature following UV 
disinfection. Due to the fact that the initial E. coli concentrations can vary from 
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experiment to experiment, and that the application of the same UV dose does not exactly 
lead to 5-log reduction in bacteria counts, the following formula was applied to the 
bacteria counts at each hour to correct for the difference in log reductions for each 
experiment: 







       (Eq. 3-1) 
where Nt is the concentration of E. coli after time of exposure, t, to repair conditions (log 
CFU/ml), N0 is the concentration of E. coli immediately after UV disinfection (log 
CFU/ml), and Ninitial is the initial concentration of E. coli before UV disinfection (log 
CFU/ml). 
 
This equation is modified from that proposed by Lindenauer and Darby (1994), by using 
log concentrations (log CFU/ml) instead of actual concentrations (CFU/ml) since 
requirements for the disinfection of microorganisms are usually given in terms of log 
removals. The use of Eq. 3-1 divides the increase in bacteria numbers by the log 
reduction achieved during UV irradiation, and allows the light and dark repair of each E. 
coli strain at each time interval to be expressed in terms of percentage repair, per unit log 
reduction. Such a normalization method eliminates the effects of varying initial E. coli 
concentrations and the intrinsic variations in log-reductions during the experiments, so 
that the results can be compared on an equal basis among the various experimental 
conditions investigated in the study. 
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In addition, the data was also analyzed to obtain the rate of repair. This is used to 
differentiate and compare between two or more E. coli strains which may have similar 
levels of repair at the end of the repair experiments. Based on the photoreactivation 
curves obtained in the experiments, most of the repair was achieved within the first two 
hours, followed by leveling off of the photoreactivation curves after that. Hence, for 
meaningful comparisons, the rate of repair was calculated based on the amount of repair 
within the first hour using the following equation 3-2: 
Rate of repair (log hr-1) = 
t
NN 01 −
      (Eq. 3-2) 
where N1 is the concentration of E. coli after 1 h of exposure to repair conditions (log 
CFU/ml) and t is the time interval between the two samples (taken to be 1 h). This is 
similar to the approach employed by Chan and Killick (1995). 
 
3.3 Sub-cellular level study  
For investigations into the sub-cellular level study, the focus was on the enzyme 
responsible for photoreactivation – photolyase. The study involved in vitro investigations 
of photolyase activity following UV disinfection, so purified fractions of E. coli 
photolyase were required. The following sections describe the preparation of the 
photolyase and the methods used to detect and measure photolyase activity in detail. In 
addition to investigations on photolyase, some experiments were performed on the DNA 
of irradiated E. coli in order to confirm that dimers were being repaired continuously 
during the course of the repair experiments. The method for detecting dimer repair in 
DNA is detailed at the end of this section.  
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3.3.1 Preparation of photolyase 
Due to the low number of photolyase molecules naturally present in each E. coli cell of 
most strains, an E. coli strain which could produce large quantities of the enzyme was 
prepared for this study. To achieve this, the plasmid pMS969S (a generous gift from Prof 
Aziz Sancar, University of North Carolina, Chapel Hill, USA) containing the phr gene 
was inserted into E. coli DH5α (Invitrogen, California, USA). 6 L of the transformed 
cells were grown in Luria broth containing 50 µg/ml ampicillin in a shaker at 37 ± 1°C 
until the optical density at 600 nm reached 0.6 as measured with a UV-VIS 
spectrophotometer (DR/4000, Hach Company, Colorado, USA). Overexpression of 
photolyase in the cells was induced by the addition of isopropylthio-β-D-galactoside 
(IPTG) to a final concentration of 1 mM followed by incubation in the shaker for another 
3-5 h. The cells were harvested by centrifugation at 4,000 × g for 10 min at 4 ± 1°C, 
washed with buffer solution (50 mM Tris-HCl, pH 8, 100 mM NaCl, 1 mM EDTA, 10 
mM β-mercaptoethanol), resuspended in lysis buffer (50 mM Tris-HCl, pH 8, 100 mM 
NaCl, 1 mM EDTA, 10 mM β-mercaptoethanol, 10% (v/v) sucrose) and frozen at -80 ± 
1°C until ready for use.  
 
Photolyase was purified in accordance to the rapid purification method described 
previously (Sancar and Sancar, 1988) with some modifications. The frozen cell 
suspension was thawed overnight on ice and lysed by sonication on ice (twelve 30-
second pulses for 12 min, 25W) using a sonifier equipped with a microtip (Model W185, 
Branson Ultrasonics Corp., Danbury, USA). The cell lysate was centrifuged at 32,000 × g 
for 20 min at 4 ± 1°C, then 120,000 × g for 1 h to remove cell debris. This was followed 
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by ammonium sulfate precipitation to 65% saturation and centrifugation at 32,000 × g for 
20 min. The resulting protein pellet was resuspended in 10 ml of buffer A (50 mM Tris-
HCl, pH 7.4, 1 mM EDTA, 10 mM β-mercaptoethanol, 0.1 M KCl, 5% (v/v) glycerol) 
and dialyzed in a dialysis tubing (Pierce Biotechnology Inc., Illinois, USA) against 2 L of 
buffer A overnight with one buffer change. After dialysis, the dialysate was loaded onto a 
25 ml blue sepharose fast flow column (CL-6B, Amersham Biosciences AB, Uppsala, 
Sweden) equilibrated with buffer A, and rinsed with buffer A containing 1 mM adenosine 
triphosphate (ATP) until the absorbance at 280 nm leveled off. Elution of the proteins 
was executed with buffer A and a linear KCl gradient from 100 mM to 2 M using a 
protein purification system (ÄKTA FPLC, Amersham Biosciences AB, Uppsala, 
Sweden). Photolyase was eluted at approximately 1 M KCl concentration based on 
absorbance measurements at 280 nm. The solutions were pooled and dialyzed against 200 
volumes of storage buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10 
mM dithiothreitol, and 50% (v/v) glycerol) overnight with two buffer changes, flash 
frozen in liquid nitrogen, and stored at -80 ± 1°C. 
 
During the purification process, samples were taken at intermediate steps, loaded and run 
on SDS-PAGE gels prepared with N-N’ diallyltartardiamide as a cross-linking agent and 
stained with Coomassie blue to track and confirm the presence of photolyase. The 
absorption spectrum of the purified photolyase was also measured in a microcell using a 
UV-VIS spectrophotometer (DU 800, Beckman Coulter Inc., California, USA). In 
addition, the activity level of the purified photolyase was ascertained using the 
spectrophotometric assay as described below. 
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3.3.2 UV irradiation of photolyase in vitro 
For UV irradiation of photolyase in vitro, the purified photolyase was diluted with assay 
buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 100 µg/ml DNase-free 
bovine serum albumin) to achieve a final concentration of between 1 × 10-7 and 5 × 10-7 
M. The actual concentration was determined by measuring the absorbance of the mixture 
at 280 nm and applying the Beer-Lambert law according to equation 3-3 with an 
extinction coefficient of 1.28 × 105 M-1 cm-1 at 280nm (MacFarlane and Stanley, 2001).  
A280 = ε280CL         (Eq. 3-3) 
where A280 is the absorbance at 280 nm, ε280 is the extinction coefficient at 280 nm (M-1 
cm-1), C is concentration of photolyase (M) and L is the pathlength of the cuvette used 
(cm).  
 
One hundred µl of the photolyase mixture was pipetted onto the cap of a micro-centrifuge 
tube and placed under a collimated beam apparatus equipped with interchangeable LP 
and MP UV lamps for irradiation. The UV intensity of the lamps was measured with a 
radiometer (Model IL1400A, International Light Technologies, Inc., Massachusetts, 
USA) with a SED240 sensor. UV doses ranging from 0 to 40 mJ/cm2 were calculated 
using software supplied by Bolton Photosciences (Ayr, Canada) in accordance to Bolton 
and Linden (2003) and applied by varying the exposure time of the photolyase mixture to 
UV radiation. In experiments dealing with individual wavelengths filtered from the MP 
UV radiation, optical bandpass filters (Melles Griot, USA) were attached to the end of the 
collimating tube using a pyrex board wrapped in black paper in order to select the 
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required wavelength (254, 266, 280 or 365 nm). The irradiated photolyase was then 
assayed for its activity level within 5 min after UV irradiation. 
 
3.3.3 Determination of photolyase activity in vitro 
The biological function of photolyase is to perform photoreactivation by repairing the 
dimers in DNA. For this study, the spectrophotometric assay was used to measure the 
activity of photolyase in vitro, by assessing its ability to repair dimers. This assay is 
based on the principle that thymine monomers absorb strongly at 260 nm while thymine 
dimers do not (Sancar and Sancar, 1988), and uses an external substrate of dimer-
containing oligonucleotide. The specific details are provided in the following sub-
sections.  
 
3.3.2.1 Preparation of substrate for photolyase 
Single-stranded DNA containing thymine monomers were used to prepare the substrate 
for photolyase. 500 µl of 5 × 10-6 M oligo-dT18 (Research Biolabs Pte Ltd, Singapore) in 
substrate buffer (10 mM Tris-HCl, pH 7.4, 0.5 mM EDTA) was dispensed into a 1.5 ml 
quartz cuvette (Hellma, Inc., Germany) and irradiated on its optical side at a distance of 5 
cm from a 254 nm (LP) UV lamp. Thymine dimer formation was monitored by 
measuring the absorbance of the oligonucleotide mixture at 260 nm, which decreases as 
dimers are formed.  
 
Figure 3-7 shows the decrease in absorbance with time of irradiation with the LP UV 
lamp. Dimer formation was rapid, with most of the conversion occurring within the first 
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20 min of irradiation. After about 45 min of irradiation, the absorbance values remained 
more or less constant, indicating that the dimer formation was slowly reaching a 
saturation point. During the experiments, the irradiation was carried out for 1 h to ensure 
that the oligo-dT18 solution was saturated with thymine dimers. This resulted in about 
45% of the thymine monomers being converted to dimers. The dimer-containing oligo-
dT18 stock solution was stored at 4 ± 1°C. 












Time of irradiation (min)
 
Figure 3-7  Decrease in absorbance of oligo-dT18 at 260 nm with time of irradiation 
using a 254 nm UV lamp  
 
3.3.2.2 Measurement of dimer repair 
Photolyase activity was measured using a spectrophotometric assay modified from that 
developed by Jorns (1985). The UV-VIS spectrophotometer (DU800 Beckman Coulter, 
Inc., California, USA) was first blanked with the photolyase solution. The stock solution 
of dimer-containing oligo-dT18 was diluted in the assay buffer to a concentration of 1.5 × 
10-6 M. Photolyase was then added to a final concentration of between 1 × 10-6 M and 5 × 
10-6 M to form a 100 µl reaction mixture. This mixture was incubated in the dark at 4 ± 
Chapter 3   Materials and Methods 
82 
1°C for 3-5 min to allow photolyase to attach to the dimer sites. After incubation, the 
reaction mixture was transferred to a microcell and the absorption spectrum (250-320 
nm) of the mixture was measured. This represents the absorption spectrum at the start of 
the experiment. The reaction mixture in the microcell was then immediately exposed to 
photoreactivating light (9 W, 365 nm) at a distance of 5 cm for photo repair to take place. 
Continuous repair of the dimers was monitored by measuring the absorption spectrum 
and observing the increase in absorbance at 260 nm at 2 min intervals until it leveled off. 
Figure 3-8 shows the spectra obtained when the photolyase was mixed with the dimerized 
oligo-dT18 and the photoreactivation reaction was allowed to occur under illumination 
from a 365 nm lamp.  
 


















Figure 3-8  Changes in absorption spectrum of photolyase-substrate mixture as 
thymine dimers are repaired. Absorption spectra were measured every 2 min until 
absorbance levels off. 
 
The cleavage of the dimer bonds by photolyase converted the dimers back to thymine 
monomers, resulting in gradual restoration of the absorbance of the oligonucleotide at 
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260 nm with time as indicated by the arrow in Figure 3-8. Once the dimers have been 
restored, the absorbance stopped increasing and the absorption spectra of the reaction 
mixture also did not change with further illumination with the photoreactivating light. In 
order to confirm that the increase in absorbance values were solely due to the repair of 
dimers by photolyase, control experiments were also conducted in the study. As 
photoreactivation involves the presence of photolyase, the substrate and photoreactivating 
light, control experiments were performed where one of the three conditions was 
excluded. The absorbance spectra from these control experiments remained unchanged 
with time (data not shown), implying that the change in absorption spectra observed in 
Figure 3-8 was due to the effect of the photolyase on the dimerized substrate.  
 
In order to confirm whether photolyase was oxidized by UV radiation, dithiothreitol 
(DTT), a reducing agent, was used to reverse the oxidation effects, if any. For 
experiments with DTT, 5 mM of DTT was added to the irradiated photolyase solution 
before it was used to blank the spectrophotometer, so that absorption spectrum 
measurements will not be affected by the addition of DTT. The addition of DTT 
increased the rate of repair by photolyase, so absorption spectrums were measured at 1 
min intervals instead.  
 
3.3.2.3 Analysis of photolyase activity 
From the absorption spectra obtained for each experiment, increase in absorbance values 
at 260 nm were calculated and plotted against time. An example of the graph obtained 
from an experiment is as shown in Figure 3-9.  
Chapter 3   Materials and Methods 
84 











y = 0.00986 - 0.00865
R2 = 0.993
 
Figure 3-9  Increase in A260 of photolyase-substrate mixture with time of exposure 
to photoreactivating light at 365 nm. Linear regression data is presented for the linear 
portion of the graph. 
 
In Figure 3-9, a linear relationship is depicted from the 2nd to the 8th min, followed by 
leveling off of the absorbance as the concentration of dimers available for repair 
decreases. The linear portion represents the maximum rate at which the dimers are being 
repaired, so a decrease in the rate of dimer repair is represented by a decrease in the 
gradient of the straight line.  
 
The gradient of the linear portion of the graph obtained was used to calculate the 




























is the rate of increase in the concentration of thymine monomers (M/min), 260ε  is the 
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extinction coefficient for thymine monomers in oligonucleotide at 260 nm (M-1 cm-1), 
and L is the pathlength of the cuvette (cm).  
 
From literature, the value of 260ε  is taken to be 8.3 × 10
3
 M-1 cm-1 (12). Since increase of 
1 M of thymine monomers is due to the monomerization of 0.5M of thymine dimers, the 
















 is the maximum rate of repair of thymine dimers (M/min) 
 
The gradient of the graph, however, can also be affected by a change in the concentration 
of photolyase used in the experiment. A higher concentration of photolyase will produce 
a steeper line, and may lead to misleading results if this was not taken into consideration. 
As the concentration of photolyase used can vary from experiment to experiment, its 
effect on the maximum dimer repair rate was eliminated by dividing the rate of dimer 
repair calculated using Eqs. 3-4 and 3-5 by the concentration of the photolyase to obtain 
the maximum dimer repair rate per mole of photolyase present in the experiment (Eq. 3-
6). 












   (Eq. 3-6) 
Where CPL is the concentration of photolyases used in the experiments. 
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All the preparations and experiments involving photolyase were conducted under 
illumination from two 17W gold fluorescent lamps (General Electric Company, USA), 
except when UV irradiation was carried out. The experiments were also conducted three 
to five times for each condition to ensure reproducibility of the results.  
 
3.3.4 Molecular level detection of DNA repair 
The endonuclease sensitive site (ESS) assay used by Oguma et al. (2001) was chosen in 
this study to determine the level of damage in the DNA of the E. coli cells. DNA was 
extracted from 30 ml of irradiated E. coli cells using the DNeasy tissue kit (Qiagen 
GmbH, Germany), and its successful extraction was confirmed using gel electrophoresis 
using a 1% agarose gel (150 V, 30 min). In order to identify the DNA damage sites, the 
extracted DNA was then cleaved at the pyrimidine dimer sites using T4 endonuclease 
(Trevigen, USA) and the enzymatic reaction was stopped using an alkaline loading dye 
(18% Ficoll, 0.15% Bromophenol blue, 300 mM NaOH, 6 mM EDTA, pH 8.0). The 
cleaved DNA sample was loaded onto a 0.4% alkaline gel (50 mM NaOH, 1 mM EDTA, 
pH 8.0) and gel electrophoresis was carried out at 20 V for 20-24 h at 4 ± 1°C under 
alkaline conditions. After electrophoresis, the gel was washed twice with neutralization 
buffer (0.15 M NaCl, 1 M Tris, pH 7.4) and then stained for 2 h with ethidium bromide 
(10 µl / 100 ml) before viewing under the gel documentation system. The intensity 
profiles of each band observed under the gel documentation system was obtained using 
the accompanying software (Quantity One 1-D analysis software, Bio-rad Laboratories, 
USA), exported to Microsoft Excel, and then analyzed to obtain the median molecular 
length of the DNA in each band. Samples were analyzed before and after UV irradiation, 
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and at 1 and 4 h after irradiation in order to monitor the level of DNA damage with UV 





CHAPTER 4 INDICATORS FOR PHOTOREACTIVATION AND 
DARK REPAIR STUDIES FOLLOWING UV DISINFECTION 
 
4.1 Background 
DNA repair mechanisms of E. coli such as photoreactivation and dark repair have been 
topics of interest in the area of UV disinfection in recent years. However, the various 
literature available have reported repair results for different strains of E. coli which may 
have different repair abilities, and thus it is difficult to make comparisons or draw 
concrete conclusions about E. coli repair. Moreover, the results have so far not been 
compared with that of pathogenic strains for which the indicators represent, especially the 
waterborne pathogenic E. coli O157:H7 strain which can cause bloody diarrhea and 
death, and poses a severe public health risk (Swerdlow et al., 1992; Olsen et al., 2002). In 
order to ensure that the E. coli strains used in UV disinfection and subsequent repair 
studies are representative of that of pathogenic strains, an indicator strain should be 
identified. With the photoreactivation indicator, photoreactivation results across different 
studies with varying photoreactivation conditions can be more meaningfully compared. 
Although dark repair has been found to be less significant following UV disinfection than 
photoreactivation (Oguma et al., 2001; Zimmer and Slawson, 2002), it can potentially 
occur in the distribution system and during storage in enclosed tanks for distribution to 
consumers. Together with the lack of a disinfectant residual offered by UV disinfection, 
dark repair can be an issue for drinking water distribution systems and should be 
investigated. So far, dark repair has not been well-studied, and it has not yet been 
investigated for the pathogenic E. coli O157:H7 strain. The identification of an indicator 
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for dark repair studies will provide dark repair information on an E. coli strain to which 
the results of future studies may be compared.  
 
In photoreactivation studies dealing with drinking water disinfection, only UV doses up 
to 20 mJ/cm2 have been investigated (Oguma et al., 2001; Zimmer and Slawson, 2002), 
even though practical UV doses applied are usually around 40 mJ/cm2. It would therefore 
also be useful to have photoreactivation data of the identified indicator at such high UV 
doses in order to evaluate its photoreactivation potential under practical conditions. 
 
Hence, this part of the study aims to investigate the photoreactivation and dark repair 
properties of various E. coli strains with different microbiological characteristics (Table 
3-1). The repair abilities were compared based on the final levels of repair achieved in 4 
hours of light or dark incubation following UV disinfection, as well as the rate of repair, 
in order to identify a strain that can be used as a conservative indicator for repair studies 
after UV disinfection. The selected indicators strains were also compared with that of an 
attenuated E. coli O157:H7 strain to confirm their suitability for use as representatives for 
pathogens. In addition, photoreactivation following high UV doses and the DNA repair of 
one of the indicator strains following UV disinfection at a molecular level were also 
investigated. This is to confirm that the increase in bacteria concentrations observed at 
the cellular level was indeed due to the repair of thymine dimers in E. coli DNA, and not 
due to other factors such as regrowth of the remaining E. coli cells which survived the 
UV disinfection process. 
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4.2 UV inactivation of E. coli  
UV inactivation of different strains of E. coli was performed with very high initial 
concentrations (> 108 CFU/ml) in order to obtain a wider range of log inactivation data.  
The inactivation of the various E. coli strains following LP and MP UV disinfection at 
different doses is presented in Figure 4-1. With the exception of E. coli ATCC 11775, all 
the inactivation curves exhibited a shoulder. Shouldered inactivation curves are 
characterized by low inactivation at low UV doses, followed by increased rate of 
inactivation beyond a certain threshold UV dose. The presence of shouldered inactivation 
curves for the E. coli strains suggests that the inactivation kinetics of E. coli belong to the 
multi-target case (Harm, 1980). In the multi-target inactivation case, each microorganism 
(or cell) is presumed to have a certain threshold number of sites, n, which has to be ‘hit’ 
by UV radiation before inactivation takes place. At low UV doses, the energy from the 
UV radiation is insufficient to cause injury to all the sites, leading to only sublethal injury 
of the microorganisms and only a few microorganisms are inactivated. As the UV dose 
increases, the additional unit of UV doses applied attacks the remaining sites, leading to 
higher inactivation efficiency and levels. These events typically result in shouldered 
inactivation curves as shown in Figure 4-1.  
 
For E. coli ATCC 11775, this shouldered curve is not evident. In fact, ATCC 11775 is the 
most susceptible strain when exposed to LP or MP UV radiation. Therefore, it is likely 
that because of the low resistance of this strain to UV radiation, it was so rapidly 
inactivated that the shoulder does not appear in the inactivation curve. This would likely 
explain the lack of a shoulder for E. coli ATCC 11775, and is supported by data 
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published by Harm (1980) on a highly UV-sensitive strain of E. coli which also showed a 
non-shouldered inactivation curve. Therefore, even though ATCC 11775 is a type strain, 
it should not be used as an indicator for UV disinfection studies. 
 



































































Figure 4-1  UV inactivation of various E. coli strains by (A) LP and (B) MP UV 
disinfection. E. coli strains are labeled in the legend with the first letter of the culture 
collection followed by strain number (A: ATCC, N: NCIMB, C: CCUG). Error bars 
represent standard deviations of three to five experiments. 
A 
B 
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It is evident that there is a wide range of responses to both types of UV radiation for the 
different E. coli strains, with a 4-log reduction requiring UV doses ranging from 6 to 13 
mJ/cm2 for LP UV radiation and 4.5 to 9 mJ/cm2 for MP UV radiation. The most UV-
resistant strains were the bacteriophage host strains (ATCC 15597 and ATCC 700891), 
with E. coli ATCC 700891 being slightly more resistant under LP UV disinfection. This 
concurs with the findings of Mofidi et al. (2002b) who reported that ATCC 15597 was 
more UV resistant than other E. coli strains. In addition, the inactivation data for ATCC 
11229 and NCIMB 10083 also agree with those previously reported for stationary phase 
cells (Harris et al., 1987; Sommer et al., 2000; Oguma et al., 2001). No UV disinfection 
study has been conducted on some of the E. coli strains tested in this study, namely 
ATCC 11775, ATCC 700891, CCUG 29188 and NCIMB 9481, so far. The inactivation 
data for these E. coli strains obtained in this study therefore provides new information to 
complement existing UV disinfection literature. 
 
From Figure 4-1, it can also be seen that of all the strains tested in the study, the type 
strain (ATCC 11775), wild-type strain (NCIMB 10083) and the attenuated O157:H7 
strain (CCUG 29188) exhibited the greatest susceptibility to UV disinfection. Hence, 
ATCC 11229, the strain commonly used for disinfection studies, should adequately serve 
as a disinfection indicator for E. coli O157:H7. However, Sommer et al. (2000) found 
that other pathogenic E. coli strains (e.g. serotypes O25 and O78) are more UV-resistant 
than ATCC 11229. As published by Sommer et al. (2000), E. coli O25 and O78 require 
LP UV doses of 11.5 and 8.5 mJ/cm2 for 5-log inactivation, respectively, as compared to 
7.5 mJ/cm2 for E. coli ATCC 11229 (data interpolated from published graph). On the 
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other hand, the most resistant strains, i.e., ATCC 15597 and ATCC 700891 required LP 
UV doses of 14.4 and 15.8 mJ/cm2, respectively for the same level of inactivation in this 
study. As such, it might be better to select a more conservative indicator such as ATCC 
15597 or ATCC 700891 for future studies on UV disinfection. 
 
Table 4-1  UV doses (mJ/cm2) required for 5-log inactivation of various Escherichia 
coli strains 
UV dose (mJ/cm2) for 5-log inactivation with E. coli strain LP UV disinfection MP UV disinfection 
ATCC 11229 10.4 6.0 
ATCC 11775 3.9 3.4 
ATCC 15597 14.4 10.6 
ATCC 700891 15.8 9.8 
CCUG 29188 7.6 5.2 
NCIMB 9481 11.6 8.7 
NCIMB 10083 7.6 6.9 
 
The UV doses that were required to achieve 5-log inactivation of all the E. coli strains are 
presented in Table 4-1. Based on the data shown in the table, it was also found that lower 
UV doses were required to achieve the same log reduction of all E. coli strains when MP 
UV radiation was employed; the UV doses required by MP UV disinfection were 15 – 
73% lower than those required by LP UV disinfection and indicates that MP UV 
disinfection was more efficient than LP UV disinfection. This has been reported 
previously (Hu et al., 2005), and is likely due to the more intense radiation and broader 
wavelength spectrum emitted by MP UV lamps that caused damage to intercellular 
biomolecules other than DNA (Kalisvaart, 2004), thereby reducing the viability of the 
inactivated microorganisms.  
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4.3 Photoreactivation of E. coli following UV disinfection 
The photoreactivation results (in terms of percentage log repair) of the various E. coli 
strains following LP and MP UV disinfection are presented in Figure 4-2. For most of the 
strains in the study, the photoreactivation curves follow a similar trend, where much of 
the repair took place within the first 2 h of repair, followed by leveling off of the curves 
after that. This trend is consistent with those reported previously (Oguma et al., 2001; 
Zimmer and Slawson, 2002; Quek et al., 2006). As the bacteria concentrations were 
found to have stabilized after 2 or 3 h of fluorescent light exposure, it was unlikely that 
further exposure to light would lead to any significant increase in the concentrations. 
Therefore, the data obtained for the study with 4 h of light exposure would be 
representative of the maximum level of photoreactivation achieved. 
 
In this study, the maximum level of photoreactivation achieved with 4 h of fluorescent 
light exposure was about 85% of the total number of the LP UV-inactivated bacteria (data 
for strains ATCC 11775, 11229, 15597 and 700891). This observation suggested that 
some of the UV-induced damage is irreparable via photoreactivation. Interestingly, the 
percentage log repair by photoreactivation obtained in this study agrees with Oguma et al. 
(2001) who observed about 84% repair of pyrimidine dimers in E. coli after LP UV 
disinfection, even though the latter study was investigated on a DNA level instead of the 
cellular level. Nevertheless, this is a significant level of repair since for every 5-log 
inactivation of E. coli, up to 4.25-log reactivation could take place, leaving only 0.75-log 
of effective disinfection. As such, the exposure of UV-disinfected water to light should 
be avoided to ensure that photoreactivation does not occur.  
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Figure 4-2  Percentage log repair of various E. coli strains after exposure to 
fluorescent light following (A) LP and (B) MP UV disinfection. E. coli strains are 
labeled in the legend with the first letter of the culture collection followed by strain 
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For MP UV disinfection, photoreactivation levels of up to 80% were observed in Figure 
4-2B. In comparison, a previous study conducted on E. coli ATCC 11229 (stationary 
phase culture) and IFO 3301 (also known as NCIMB 10083) concluded that minimal 
photoreactivation occurs with MP UV disinfection (Oguma et al., 2002; Zimmer and 
Slawson, 2002). The difference between the conclusions of the previous studies and the 
current one might be because of the use of log phase cultures in the current study, where 
the cells were actively dividing and were therefore in an energetically active state to 
achieve higher levels of repair. This was confirmed with subsequent photoreactivation 
experiments in our laboratory with log phase (4 h) and stationary phase (21 h) cultures of 
E. coli NCIMB 10083. The photoreactivation data for both cultures are presented in 
Figure 4-3. It can be seen from the graph that an approximate 4-log photoreactivation was 
achieved with the log phase culture, which was significantly higher than the 1.5-log 
achieved by the same bacteria strain cultivated to stationary phase, under the same 
photoreactivation conditions of temperature and fluorescent light intensity. In fact, the 
final levels of the log phase cultures were slightly higher than the stationary phase 
cultures. Therefore, log phase cultures are more efficient in reacting to damage from UV 
disinfection and likely to start actively reproducing following DNA repair. They would 
therefore be able to photoreactivate to higher levels than stationary phase cultures. 




































Figure 4-3  Photoreactivation of log phase (4 h) and stationary phase (21 h) 
cultures of E. coli NCIMB 10083 after exposure to fluorescent light following MP 
UV disinfection. Experimental conditions are as follows: UV dose of 6 mJ/cm2, 
photoreactivating light intensity of 17,000 kLux and temperature of 23°C.  
 
Another observation to note is that two of the tested E. coli strains (NCIMB 9481 and 
NCIMB 10083) were unable to achieve the maximum level of photoreactivation as 
observed with the other tested strains (i.e., 85% photoreactivation of inactivated bacteria) 
even with up to 4 h of exposure to fluorescent light following both LP and MP UV 
disinfection. The curves shown in Figure 4-2 for these two strains appear to be on the rise 
and have not yet reached a plateau, suggesting that photoreactivation levels would be 
higher, should exposure to photoreactivating light be extended beyond four hours. One 
possible reason for this is that these strains might have less efficient photoreactivation 
mechanisms or fewer photoreactivation enzymes so that repair was slower. Hence, E. coli 
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NCIMB 9481 and NCIMB 10083 should not be used for photoreactivation studies as they 
tend to underestimate the photoreactivation levels of pathogens within the experimental 
period for this study. 
 
In order to identify an appropriate strain for photoreactivation studies, the various strains 
are compared using the rate of repair as shown in Figure 4-4. Among the various E. coli 
strains, the repair rates of ATCC 15597 and ATCC 700891 were the highest following 
LP UV irradiation, with repair rates of approximately 3 and 3.25 log/h respectively. The 
same can also be observed following MP UV disinfection, where slightly higher repair 
rates were seen. Interestingly, these two strains also demonstrated the greatest UV 
resistance when irradiated with both LP and MP UV lamps (Figure 4-1). This is not 
surprising since bacteria cells are continuously repairing the UV-induced damage even as 
they are being formed during UV disinfection (Harm, 1980). As such, the cells with the 
most efficient repair mechanisms would be able to better resist the effects of UV 
radiation. It suggests that the strains more resistant to UV radiation were likely to achieve 
higher repair levels. Such strains should be selected to serve as indicators for 
photoreactivation studies since they are non-pathogenic as well. Therefore, under the 
conditions conducted in this study, both E. coli ATCC 15597 and ATCC 700891 could be 
used as indicators for photoreactivation. 
 








































Figure 4-4  Photoreactivation rates of various E. coli strains following LP and MP 
UV disinfection (A: ATCC; N: NCIMB). Error bars represent standard deviations of 
three to five experiments. 
 
The photoreactivation data for the two strains with the greatest UV resistance and 
photoreactivation rates (ATCC 15597 and ATCC 700891) is presented in Table 4-2. 
Based on the photoreactivation data, the maximum levels of repair reached by both 
strains were similar, whether irradiated with LP or MP UV lamps. E. coli ATCC 700891 
also appeared to repair at a higher rate after LP and MP UV disinfection. 
 
Table 4-2  Photoreactivation data for Escherichia coli strains ATCC 15597 and 
ATCC 700891 following LP and MP UV disinfection 
Disinfection of  
ATCC 15597 with 
Disinfection of 
ATCC 700891 with 
Photoreactivation (PR) data 
LP UV MP UV LP UV MP UV 
Max. PR level achieved (%) 81.9 ± 1.7 72.2 ± 1.3 81.8 ± 2.0 84.3 ± 5.3 
PR rate (log h-1) 2.73 ± 0.21 2.97 ± 0.23 3.20 ± 0.07 3.31 ± 0.11 
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However, under varying conditions (for example, if different temperatures were to be 
studied or employed), it might be more prudent to choose E. coli ATCC 15597 instead of 
ATCC 700891. This is because of the characteristics of the two E. coli strains. As shown 
in Table 3-1, E. coli ATCC 15597 is a derivative of the commonly studied K-12 strain, 
and thus its biological and physical characteristics are well-understood. E. coli ATCC 
700891, even though it has a slightly higher repair rate than ATCC 15597, contains the 
Famp plasmid which encodes for ampicillin and streptomycin resistances. The presence 
of this plasmid may have some effects on its high UV resistance and efficient repair 
mechanism, which may be affected should the plasmid be lost during replication or 
growth. In some cases, the use of high temperatures may also result in a loss of the 
plasmid from the bacteria cells. As such, ATCC 15597 should be a better option as a 
conservative indicator for future photoreactivation studies, where UV irradiation and 
photoreactivation conditions used may be considerably different from those in the current 
study and may affect the UV resistance and repair abilities of E. coli ATCC 700891. 
 
4.4 Dark repair of E. coli following UV disinfection 
The dark repair levels of the various strains of E. coli tested in this study are presented in 
Figure 4-5.  
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Figure 4-5  Percentage log repair of various E. coli strains after incubation in the 
dark following (A) LP and (B) MP UV disinfection. E. coli strains are labeled in the 
legend with the first letter of the culture collection followed by strain number (A: ATCC, 
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It is evident that dark repair levels were much lower than that for photoreactivation, with 
a maximum of 25% log repair achieved after LP UV disinfection and 4 h of incubation in 
the dark. This was 3.4 times lower than that achieved with photoreactivation, and concurs 
with previous findings using E. coli ATCC 11229 (Zimmer and Slawson, 2002), ATCC 
15597 (Hu et al., 2005) and NCIMB 10083 (Oguma et al., 2002). There also appeared to 
be leveling off of dark repair levels after about 2 h for some strains after LP UV 
disinfection, and 1 h after MP UV disinfection. This demonstrates that MP UV 
disinfection might have a more significant impact on dark repair mechanisms. The 
leveling off of the dark repair curves for these strains also suggest that the maximal 
amount of DNA damage that can be repaired via dark repair had been reached in 1 to 2 h. 
 
It is also interesting to note that for NCIMB 9481, the bacteria concentration decreased 
during incubation following MP UV disinfection. Since the strain was able to perform 
dark repair following LP UV disinfection, the possibility that this strain was dark repair-
deficient can be ruled out. The data therefore suggests that MP UV radiation, which has a 
broad wavelength spectrum, might have induced some delayed mutagenic effects in the 
cells which contributed to the die-off of the cells after disinfection. The dark repair data 
for this bacteria strain has not yet been reported elsewhere so far.  
 
With the exception of E. coli NCIMB 9481 exposed to MP UV disinfection, all other 
strains in this study were shown to exhibit dark repair, with repair levels ranging from 10 
to 25% (i.e., 0.25 to 1.25-log). Previous research by Oguma et al. (2002) concluded that 
no dark repair occurred with IFO3301 (NCIMB 10083) following LP and MP UV 
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disinfection. Zimmer and Slawson (2002) reported minimal repair with ATCC 11229; no 
repair was observed after MP UV disinfection, and 0.4-log was observed with a LP UV 
dose of 8 mJ/cm2.  This difference in results might be due to the use of bacteria cells in 
different growth phases. The current study used log phase cultures, where the actively 
dividing cells might have more energy and greater ability to respond quickly to UV 
damage via dark repair mechanisms, instead of stationary phase cells which were used in 
the other two studies. 
 
In Figure 4-5, it is also apparent that ATCC 11229 achieved the highest level of dark 
repair following LP UV disinfection. However, after MP UV disinfection, its dark repair 
level was lower than that of ATCC 11775 and ATCC 700891, but similar to that of 
NCIMB 10083 after MP UV disinfection. Taking into account the dark repair data from 
Figure 4-5 for both LP and MP UV disinfection, either ATCC 11229 or ATCC 11775 
would be the most suitable indicator for dark repair studies. Further comparison of dark 
repair data is made between the two strains in Table 4-3. 
 
Table 4-3  Dark repair data for Escherichia coli strains ATCC 11229 and ATCC 
11775 following LP and MP UV disinfection 
Disinfection of  
ATCC 11229 with 
Disinfection of 
ATCC 11775 with 
Dark repair data 
LP UV MP UV LP UV MP UV 
Max. dark repair level 
achieved (%) 
24.9 ± 2.4 15.9 ± 1.5 24.4 ± 5.2 18.6 ± 2.1 
Dark repair rate (log h-1) 0.59 ± 0.40 0.43 ± 0.03 0.35 ± 0.26 0.47 ± 0.16 
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As seen in Table 4-3, the dark repair rate for ATCC 11229 was 68% higher than that for 
ATCC 11775 following LP UV disinfection, but only 8.5% lower following MP UV 
disinfection. E. coli ATCC 11229 was more UV-resistant than ATCC 11775 (Table 3-1), 
and it is also a disinfection indicator commonly used in UV disinfection studies. In 
addition, E. coli ATCC 11229 is already commonly used in photoreactivation studies by 
several groups (Harris et al., 1987; Sommer et al., 2000; Zimmer and Slawson, 2002), it 
should therefore be convenient to adopt this strain for future dark repair research, since 
some dark repair data is already readily available for this strain. Therefore, E. coli ATCC 
11229 is recommended as the dark repair indicator. 
 
4.5 Comparison of repair of selected indicators and E. coli O157:H7 
Having identified E. coli ATCC 15597 and ATCC 11229 as indicators for 
photoreactivation and dark repair studies, respectively, the repair abilities of each of these 
strains were compared with that of the attenuated O157:H7 strain (CCUG 29188). In 
order to mimic practical disinfection conditions, the same UV doses were applied to the 
three E. coli strains studied here, and then incubated in the light (ATCC 15597 and 
CCUG 29188) or dark (ATCC 11229 and CCUG 29188). The results are presented in 
Figure 4-6.  
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Figure 4-6  Comparisons of the final log concentrations of E. coli O157:H7 and 
selected indicator strains following exposure to (A) fluorescent light and (B) dark 
conditions after LP and MP UV disinfection at doses of 2, 5 and 8 mJ/cm2. Standard 
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Based on the results shown in Figure 4-6, it can be seen that regardless of the lamp type 
and UV doses applied, the final concentrations of the indicator bacteria for 
photoreactivation and dark repair after UV disinfection followed by 4 h incubation for 
repair were always higher than, or similar to, that of the E. coli O157:H7 strain, except at 
a UV dose of 8 mJ/cm2, where the repair levels of E. coli O157:H7 strain was slightly 
higher than that of ATCC 11229. However, by taking into account the standard 
deviations from experiments, it is likely that the repair levels of the dark repair indicator 
was still similar to that of the pathogenic strain. The data in Figure 4-6 thus confirms that 
these two strains are suitable for use as photoreactivation and dark repair indicators for 
repair studies after UV disinfection, and that they are also applicable for different UV 
lamp configurations and a range of UV doses. It is recommended that these identified 
indicator strains be adopted so that conclusions between different repair studies can be 
meaningfully compared and discussed without having to consider the variation in 
biological characteristics that exist between different strains of the same bacterial species. 
 
4.6 Photoreactivation of selected indicator at high UV doses 
E. coli ATCC 15597 was exposed to LP and MP UV doses of 20, 40 and 60 mJ/cm2 to 
investigate its photoreactivation abilities at high UV doses. The results are presented in 
Figure 4-7.  
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Figure 4-7  Increase in E. coli ATCC 15597 concentrations (log CFU/ml) with time 
of exposure to fluorescent light following LP and MP UV disinfection with doses of 
20 and 40 mJ/cm2. Standard deviations of three to five experiments are presented as 
error bars. 
 
For both LP and MP UV irradiation at 60 mJ/cm2, no colonies were detected on the agar 
plates despite conducting the experiments three times. Thus, there was no 
photoreactivation observed at this UV dose and in Figure 4-7, only the data for UV doses 
of 20 and 40 mJ/cm2 are presented. Nevertheless, photoreactivation was evident even at 
UV doses as high as 20 and 40 mJ/cm2, although the final bacteria concentrations were 
much lower than at lower UV doses. For example, E. coli photoreactivated to a final 
concentration of about 7-log CFU/ml following a LP UV dose of 8 mJ/cm2 (Figure 4-
6A), but only to 4.5-log and 3-log CFU/ml after exposure to LP UV doses of 20 and 40 
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mJ/cm2, respectively. This is indicative of the lower repair ability by E. coli with 
increasing UV dose exposure. The results therefore suggest that in order to completely 
eliminate photoreactivation from taking place, UV doses of 60 mJ/cm2 or higher should 
be applied for UV disinfection of drinking water, and that treated water should not be 
exposed to light following UV disinfection.  
 
When comparing photoreactivation between LP and MP UV disinfection at high UV 
doses, it is clear from Figure 4-7 that at the two UV doses tested (20 and 40 mJ/cm2), 
photoreactivation following MP UV disinfection was always lower than that following 
LP UV disinfection. This is consistent with previous reports (Oguma et al., 2001; Zimmer 
and Slawson, 2002; Quek et al., 2006), and is likely because of possible damage to the 
other biomolecules caused by the wide spectrum of wavelengths in MP UV irradiation. 
 
In addition, Zimmer et al. (2007) conducted a photoreactivation study of a pathogenic 
strain of E. coli O157:H7 at UV doses of 20 and 40 mJ/cm2 using LP UV disinfection and 
reported that the effective log repair at these doses were 0.4 and 0.5 log, respectively. In 
comparison, the photoreactivation levels of E. coli ATCC 15597 in the current study after 
LP UV irradiation at doses of 20 and 40 mJ/cm2 were 4 and 3.5 log, respectively. The 
repair of the pathogenic strain was very much lower than that for identified indicator 
strain (E. coli ATCC 15597). This further confirms the applicability of E. coli ATCC 
15597 as an indicator for pathogenic E. coli under practical conditions, especially if the 
UV doses are to be adjusted to take into account photoreactivation of the indicator strain. 
The conclusions of the study by Zimmer et al (2007) also agree with those in this study. 
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4.7 Photoreactivation of E. coli ATCC 15597 using ESS assay  
Other than the cellular study, the ESS assay (Oguma et al., 2001) was used to investigate 
photoreactivation and dark repair on a molecular level. Dimer repair studies at the 
molecular level using the ESS assay served as confirmation that DNA repair was taking 
place at the cellular level. E. coli ATCC 15597 was exposed to LP and MP UV doses of 1 
and 5 mJ/cm2 and exposed to either fluorescent light or kept in the dark. Samples were 
analyzed for the amount of DNA damage left at 1 and 4 h after irradiation. The results of 
the ESS assay are presented in Figure 4-8. 
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Figure 4-8  Changes in median molecular length of E. coli ATCC 15597 DNA with 
exposure to LP UV doses of (A) 1 mJ/cm2, (B) 5 mJ/cm2 and MP UV doses of (C) 1 
mJ/cm2 and (D) 5 mJ/cm2, followed by incubation under fluorescent light or in the 
dark for up to 4 h. Data presented are from a single experiment. 
A B 
C D 
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It can be seen that the median molecular lengths decreased following both LP and MP 
UV disinfection, and then increased with time of exposure to fluorescent light or 
incubation in the dark. When exposed to UV radiation, pyrimidine dimers were formed in 
the DNA, so that the action of T4 endonuclease cleaved the DNA into many small parts 
where the dimers were present. This resulted in smaller fragments of DNA when gel 
electrophoresis was applied. With time, the dimers were removed via photoreactivation 
or dark repair, so that the median molecular lengths gradually increased.  
 
It is observed that despite the existence of repair mechanisms, the molecular lengths were 
never fully repaired to that of the initial DNA (i.e., before UV irradiation), suggesting 
that some dimers were not repaired within the duration of the experiments. It could also 
indicate that a portion of the dimers formed could not be repaired via photoreactivation, 
possibly due to excessive damage to the site of the dimer. 
 
The data in Figure 4-8 show that dimers were continuously being removed from the 
DNA. With the exception of Figure 4-8B, the other graphs indicate that increase in 
molecular lengths was the greatest during the first hour of exposure to light, suggesting 
that the rate of repair of the dimers was the highest during this period of time. The data 
concurs with the results from the cellular study, where the greatest increase in log 
concentrations of E. coli was observed within the first two hours. This links the studies at 
the cellular and molecular levels together, where the repair of dimers internally as shown 
in the ESS assay resulted in the reactivation of the bacteria as evidenced by the increase 
in bacteria numbers in the plate count method.  
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In addition, Figure 4-8 also shows that the median molecular lengths of the DNA of the 
E. coli cells exposed to four hours of fluorescent light were higher than that of those 
incubated in the dark for four hours, at all experimental conditions. Longer median 
molecular lengths point to fewer dimers left in the DNA. Therefore, this indicates that the 
removal of dimers in the presence of light was faster than that in the dark with both LP 
and MP UV disinfection, and at different UV doses. It also shows that the repair of 
dimers was more efficient via photoreactivation than dark repair.  
 
The data in Figure 4-8 is further analyzed by looking at the median molecular lengths 
after 4 h of light or dark repair with different UV disinfection conditions (lamp type and 
UV dose), and presented in Figure 4-9. 
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Figure 4-9  Final median molecular lengths of E. coli ATCC 15597 DNA with 
exposure to LP and MP UV doses of 1 mJ/cm2 and 5 mJ/cm2, followed by 
incubation under fluorescent light or in the dark for 4 h. Data presented are from a 
single experiment, and expressed as a percentage of the initial length of the un-
irradiated DNA. 
 
In Figure 4-9, it can be seen that as the UV dose increased from 1 mJ/cm2 to 5 mJ/cm2, 
the length of the E. coli DNA after 4 h of light or dark repair decreased, indicating the 
presence of more dimers in the DNA. This is because with a higher UV dose, more 
dimers would be produced, so that the dimers could not be so effectively repaired.  
 
Other than the effect of UV dose, Figure 4-9 also shows that at the same UV dose, when 
MP UV disinfection was employed, the molecular lengths were lower (other than dark 
repair at 1 mJ/cm2), again suggesting that more dimers were left in the DNA after 4 h of 
repair and confirming that MP UV radiation might affect the repair processes to a greater 
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extent. This, however, was not observed for dark repair at 1 mJ/cm2, and it would suggest 
that not many dimers were induced at a low UV dose of 1 mJ/cm2. Alternatively, it could 


























































Figure 4-10  Comparing trends from cellular level study (% log repair) and 
molecular level study (median molecular lengths). Data presented for molecular level 
study are from a single experiment (MP UV disinfection at 5 mJ/cm2), and expressed as 
a percentage of the initial length of the un-irradiated DNA. Data for cellular level study 
are averaged results from three MP UV disinfection experiments with a UV dose of 10.6 
mJ/cm2. 
 
Although the data in Figures 4-8 and 4-9 are based on one experimental run, the trends 
observed here nevertheless agree with those observed in the cellular study, and it further 
suggested that the removal of dimers was directly related to the increase in bacteria 
concentrations observed in Figures 4-2 and 4-5, as shown in Figure 4-10.  
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4.8 Summary  
In summary, this study investigated the photoreactivation and dark repair abilities of 
several strains of E. coli following LP and MP UV disinfection. A wide range of UV 
resistances were observed among the various E. coli strains. Photoreactivation and dark 
repair abilities were also found to differ greatly among them. Based on final repair levels 
and rate of repair obtained in this study, E. coli ATCC 15597 and E. coli ATCC 11229 
were identified as the photoreactivation and dark repair indicators, respectively, and were 
suggested to be used in future studies for more meaningful comparisons across different 
studies. In addition, E. coli ATCC 15597 had demonstrated its ability to be used for 
photoreactivation studies at high UV doses. This strain might therefore be useful for 
testing UV doses at levels which are similar to those used in practice.  
 
 115 
CHAPTER 5 EFFECTS OF INFLUENCING FACTORS ON 




One of the main advantages of UV disinfection is that its disinfection efficiency is 
independent of physical water characteristics and environmental conditions such as 
temperature (Severin et al., 1983). This gives it an edge over chemical disinfectants 
whose disinfection performances are closely related to the pH and temperature of the 
water. However, when considering the extent and rate of photoreactivation after UV 
disinfection, environmental factors such as temperature and light intensity can be very 
important determining factors. Since photoreactivation is a process that derives its energy 
from light, the amount of light available for microorganisms to utilize for 
photoreactivation will influence the repair process. Up till now, studies on 
photoreactivation have used light intensities of up to 23.5 kLux with artificial light using 
fluorescent lamps (Sommer et al., 1998). Kashimada et al. (1996) studied 
photoreactivation for light intensities of up to 4 mW/cm2 measured at 360 nm. The use of 
different units to describe light intensities employed in photoreactivation studies make 
comparisons difficult. Although the use of fluorescent lights in photoreactivation studies 
allows the researcher to control the light intensity throughout the duration of the 
experiments, microorganisms are actually exposed to sunlight in the natural environment. 
Sunlight has a broader wavelength spectrum, and the wavelengths that microorganisms 
can use may differ from those present in fluorescent lighting. Therefore, it is imperative
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that photoreactivation with sunlight be compared with the fluorescent light so as to 
ascertain if photoreactivation data from laboratory studies using fluorescent lights could 
be applied to situations in the natural environment.   
 
Other than light intensity, temperature is also an important influencing factor in microbial 
processes. Unfortunately, research regarding the effects of temperature on 
photoreactivation is rather limited (Chan and Killick, 1995; Salcedo et al., 2007), with the 
data obtained so far only looking at photoreactivation after LP UV disinfection.  
 
In tropical regions, the sunlight intensity can reach 100 kLux, or even higher (Neppolian 
et al., 2002) while water temperatures can be as high as 30-35°C. Since photoreactivation 
is a light-mediated and enzymatic process, it is possible that higher temperatures and light 
intensities can greatly increase the photoreactivation capabilities of microorganisms. 
Given that UV disinfection is gaining popularity in tropical countries, photoreactivation 
following UV disinfection under such conditions should therefore be properly 
investigated. In this study, the influence of environmental factors such as temperature and 
light intensities on photoreactivation was investigated following both 5-log inactivation 
with LP and MP UV radiation. This was conducted on E. coli ATCC 15597 (the 
photoreactivation indicator identified in Chapter 4) as well as E. coli ATCC 11229, the 
commonly used strain in other photoreactivation studies. Temperatures ranging from cold 
winter in temperate climates to warm summer conditions in tropical climates were used 
in the study. Photoreactivation with fluorescent lights were also compared with that under 
sunlight in order to examine if photoreactivation results from studies with fluorescent 
Chapter 5   Temperature & Light Intensity Effects 
117 
light could be reasonably extended to natural conditions in the environment.  
 
5.2 Effect of fluorescent light intensity on photoreactivation 
The photoreactivation results for E. coli ATCC 11229 and 15597 following LP and MP 
UV irradiation under three different fluorescent light intensities are presented in Figure 5-
1. For both E. coli strains and both types of UV lamps, the photoreactivation curves are 
similar to those shown in Chapter 4. Photoreactivation generally occurred rapidly within 
the first hour of fluorescent light exposure, followed by a leveling off of the 
photoreactivation curves, indicating that the repair process was slowing down. The trend 
is especially evident for photoreactivation of E. coli ATCC 15597, as shown in Figures 5-
1C and 5-1D. The maximum amount of repair observed in this study was about 85% (i.e., 
4.25-log recovery from the initial 5-log reduction achieved) for LP UV disinfection. This 
is much higher than the 2.6 and 3 log recovery reported by Harris et al. (1987) and 
Zimmer and Slawson (2002), respectively, under similar inactivation levels and could 
have been due to the different light intensities used. Zimmer and Slawson (2002) 
employed fluorescent light intensity of 16.9 kLux, while Harris et al. (1987) did not 
report the light intensity. Sommer et al. (2000) used a fluorescent light intensity of about 
23.5 kLux and also observed about 4-log recovery of E. coli. Thus, the higher levels of 
log recovery observed in this study could have been due to the higher light intensity (23 
kLux) used. 
 
The data shown in Figure 5-1 also indicate that E. coli exposed to MP UV irradiation 
achieved a lower level of repair, with a maximum recovery of about 70% under all 
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fluorescent light intensities tested. This has previously been reported (Hu et al., 2005). 
This is consistent with the trends discussed in Chapter 4, and suggests that the 
photoreactivation suppression effects of MP UV disinfection were not influenced by the 
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Figure 5-1  Percentage log recovery of E. coli strains ATCC 11229 (Panels A & B) 
and ATCC 15597 (Panels C & D) with time of incubation under varying 
photoreactivating fluorescent light intensities following LP (filled symbols) and 
MP (open symbols) UV irradiation. Error bars represent standard deviation of between 
three to five experiments. 
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It is evident from Figure 5-1 that the percentage log recovery of both E. coli strains 
following LP and MP UV irradiation increased as the fluorescent light intensity 
increased, implying that photoreactivation occurred faster when the fluorescent light 
intensity was higher. This is because energy for the photoreactivation process comes 
from light. As the light intensity increases, the number of photons reaching the bacteria 
increases as well, so that there is higher probability of the photon reaching the 
photoreactivation enzyme, photolyase, to be used in the repair process. Hence, the greater 
the light intensity, the faster the repair of damaged DNA, and the higher the 
photoreactivation levels. However, it can also be noted that when the light intensity was 
increased from 11.5 to 23 kLux, the final repair achieved did not differ much between the 
two conditions. This may be due to the presence of irreversible damage incurred by the 
DNA so that the maximum possible repair that can be achieved by photoreactivation is 
only about 85%. This is supported by the observations of Oguma et al. (2002) where 
more than 80% of the pyrimidine dimers induced by UV radiation were repaired after LP 
UV disinfection. For this case, a light intensity of 11.5 kLux was likely to have been 
sufficient in allowing maximal repair within 4 h. By increasing light intensity to 20 kLux, 
the initial rate of repair increased, but the final repair would not be affected. Such a trend 
was not observed in Fig. 5-1B for photoreactivation of E. coli ATCC 11229 following 
MP UV disinfection. It may be possible that this strain was more sensitive to MP UV 
radiation, so that the time frame of 4 h was not sufficient for the bacteria to achieve the 
maximum possible repair. 
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5.3 Effect of sunlight intensity on photoreactivation 
The results for photoreactivation of both E. coli strains under sunlight following LP and 
MP UV disinfection are presented in Figure 5-2. For photoreactivation experiments under 
sunlight, the results are divided into two sunlight ranges – low intensity (< 12 kLux 
following LP UV disinfection, < 5 kLux following MP UV disinfection) and high 
intensity (12-80 kLux for LP UV disinfection, 5-70 kLux for MP UV disinfection) – 
because of the differences in the photoreactivation curves observed under these two 
intensity ranges. Under exposure to low intensity sunlight, the shapes of the 
photoreactivation curves are similar to that under fluorescent sunlight as shown in Figure 
5-1, with rapid increase in bacteria counts followed by leveling off after the first hour. 
However, under exposure to high intensity sunlight following UV disinfection, there 
generally appeared to be photoreactivation with increase in bacteria counts in the first 
hour followed by a decrease in the bacteria concentrations between the first and second 
hour of sunlight exposure. The latter observation implies that inactivation was taking 
place instead of re-activation, despite exposure to light. This trend applies to both E. coli 
strains and occurred only with high sunlight intensity exposure, and was likely due to the 
germicidal effects of sunlight.  
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Figure 5-2  Percentage log recovery of (A) E. coli ATCC 11229 and (B) E. coli ATCC 
15597 with time of incubation under sunlight of varying intensities following LP 
and MP UV irradiation. Error bars represent standard deviations. Low sunlight intensity 
refers to intensities <12 kLux for LP UV experiments and <5 kLux for MP experiments. 
High sunlight intensity refers to intensity ranging from 12-80 kLux for LP UV experiments 
and 5-70 kLux for MP UV experiments. 
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After the second hour of high intensity sunlight exposure, the bacteria concentrations 
leveled off, suggesting that the photoreactivation and sunlight’s germicidal rates were 
similar so that there was no net change in the bacteria concentrations. This could be due 
to the decrease in sunlight intensity, because high sunlight intensity could not be 
sustained for the entire duration of the experiments; usually sunlight could only be 
sustained for 2.5 h. For ATCC 11229 exposed to LP UV radiation followed by high 
intensity sunlight for photoreactivation, the concentrations were shown to decline 
between the second and third hour of the experiments. This could be because the sunlight 
intensity remained high for up to 3 h when these experiments were carried out. 
 
As shown in Figure 3-4, sunlight consists of predominantly UV-A, some UV-B and 
negligible UV-C radiation. The presence of UV-A radiation encourages photoreactivation 
to take place, as the wavelengths most suitable for photoreactivation (310-480 nm) lie 
within this radiation range (Harm, 1980). On the other hand, UV-A and UV-B radiation 
also have the ability to inactivate the remaining ‘live’ E. coli cells. Hence, the E. coli cells 
are subject to both inactivation and repair when exposed to sunlight. In the experiments, 
when low light intensity sunlight was employed, the inactivation effect did not surface in 
the photoreactivation curves. A possible reason for this is that although inactivation was 
taking place, the level of inactivation under low-intensity sunlight was not high enough to 
overcome that of re-activation so that only re-activation was observed. With high 
intensity sunlight, the germicidal effects of UV-A radiation was probably sufficiently high 
so that the effects of re-activation were suppressed, leading to a decrease in bacteria 
numbers. In order to confirm the germicidal effects of high intensity sunlight, un-
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irradiated E. coli suspensions were placed under low and high intensity sunlight under the 
same conditions as the irradiated samples, and enumerated hourly; these experiments 
served as control experiments. The data of the control experiments are presented in 
Figure 5-3. In the control experiments, about 1-log decrease in bacteria numbers were 
observed for both E. coli strains after 4 h of exposure to high intensity sunlight, while no 
effect was observed for the E. coli strains after exposure to low intensity sunlight. The 
data from the control experiments therefore confirmed that the log decreases observed in 
the photoreactivation experiments for high intensity sunlight were due to the sunlight’s 
germicidal effects.  
 
The germicidal effect of sunlight is now being utilized as a low-cost disinfection process 
in developing countries. In solar disinfection experiments, the highest light intensities 
(usually mid-day sunlight) were used to achieve the highest log-reduction in 
microorganisms, so that a 4-log disinfection of bacteria can be obtained in approximately 
30 min (Caslake et al., 2004; Martin-Dominguez et al., 2005). However, in this study, 
only a 1-log decrease was achieved after 4 h of sunlight exposure. This was because the 
experiments in the current study were conducted in the mornings or early afternoons, and 
did not reach the noon-day sunlight intensity. In addition, in the studies on solar 
disinfection, there was no temperature control, so that the temperature of the water 
exposed to sunlight were as high as 50°C, which could have contributed to the additional 
inactivation in those studies. 
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Figure 5-3  Concentrations (log CFU/ml) of un-irradiated E. coli suspensions with 
exposure to (A) high intensity and (B) low intensity sunlight.
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However, the germicidal effects of high intensity sunlight were only observed after 1 h of 
exposure (see Fig. 5-2).  After the 3rd h of high intensity sunlight exposure, the numbers 
leveled off again. This is likely due to the experimental conditions, as on most days, we 
were only able to obtain high sunlight intensities for 2.5 to 3 h. Therefore, high intensity 
sunlight could not be sustained for germicidal effects beyond 3 h. For the remaining hour, 
the presence of cloud cover lowered the intensity levels and as such, inactivation could 
no longer take place. Therefore, for short exposure times (< 1 h), the use of results from 
fluorescent light studies may underestimate the photoreactivation levels that occur in the 
natural environment. For longer exposure times when the disinfection effects of sunlight 
are able to suppress the effects of photoreactivation, fluorescent light studies may be 
sufficiently representative. The results also confirm that exposure to sunlight following 
UV disinfection could have a deleterious effect on photoreactivation, but only with high 
sunlight intensity and sufficiently long exposure times. Overall, it was observed that the 
final repair levels of E. coli were higher when exposed to low sunlight intensity. This 
contradicts the results from the fluorescent light study (Figure 5-1) where 
photoreactivation levels increased with light intensity. This is because of the interaction 
between the photoreactivation and sunlight inactivation effects, leading to an overall net 
suppression of photoreactivation by germicidal radiation present in high intensity 
sunlight.  
 
It can also be observed that the threshold sunlight intensity where germicidal effects 
become apparent was different for LP and MP UV disinfection. For LP UV disinfection, 
exposure to up to 12 kLux of sunlight did not show any inactivation by sunlight, while 
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exposure to only 5 kLux of sunlight following MP UV disinfection led to inactivation of 
E. coli. This difference may be attributed to the damage inflicted on other biomolecules 
(e.g. proteins) by the higher intensity and polychromatic MP UV radiation, which may 
have then resulted in the increased sensitivity of the E. coli cells to sunlight inactivation. 
 
5.4 Fluorescent light vs sunlight for photoreactivation 
The final log recovery percentages for both E. coli strains after 4 h of exposure to 
fluorescent light and sunlight are summarized in Table 5-1.  
 
Table 5-1  Percentage log recovery of E. coli ATCC 11229 and ATCC 15597 
following 4 h of fluorescent light and sunlight exposure with LP and MP UV 
disinfection 
% log recovery following Light Intensity 
(kLux) LP UV disinfection MP UV disinfection 
ATCC 11229   
6 65.6 ± 2.6 54.0 ± 6.4 
11.5 83.5 ± 4.7 62.5 ± 9.0 
23 85.1 ± 1.4 72.1 ± 4.4 
Low sun 80.7 ± 3.3 65.4 ± 0.3 
High sun  64.8 ± 7.6 49.6 ± 3.5 
   
ATCC 15597   
6 66.4 ± 2.1 65.6 ± 4.1 
11.5 83.2 ± 1.1 74.9 ± 5.9 
23 80.7 ± 3.4 73.3 ± 1.6 
Low sun 75.4 ± 3.4 58.9 ± 2.9 
High sun 61.7 ± 5.5 49.5 ± 2.6 
Note: Low sunlight intensity refers to light intensities of <12 kLux for LP UV disinfection experiments, and 
<5 kLux for MP UV disinfection experiments. High sunlight intensity refers to light intensities ranging 
from 12-80 kLux for LP UV disinfection experiments and 5-70 kLux for MP UV disinfection experiments. 
 
From the figures shown in Table 5-1, it can be seen that following LP UV irradiation, 
exposure to low sunlight intensities (1-12 kLux) and high fluorescent light intensities 
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(11.5 and 23 kLux) gave similar recovery percentages of between 75 and 85%. With high 
intensity sunlight where germicidal effects come into play, the final recovery values were 
much lower and were similar to that at a very low fluorescent light intensity of 6 kLux. It 
can thus be seen that studies using fluorescent light for photoreactivation, which typically 
employ high fluorescent light intensities, will overestimate the final repair values that 
might occur in the natural environment, especially when applied to environments where 
strong sunlight is present since the recovery values are much lower with strong sunlight 
intensities. The conclusion drawn here is slightly different from the results of a study by 
Kashimada et al. (1996) who tested both fluorescent light and sunlight for 
photoreactivation in raw sewage and reported that the maximum photoreactivation of 
fecal coliforms was independent of light intensity (measured as dose rate at 360 nm). This 
might be because of the use of raw sewage that most probably contains large particles, 
and these particles might have partially blocked the fecal coliforms from the germicidal 
UV-A radiation that was present in sunlight. The different units used to quantify 
photoreactivating light intensity in that study and the current study also makes it difficult 
for direct comparisons. 
 
Other than final repair levels, the photoreactivation rates were also compared for different 
light intensities. The photoreactivation rates of E. coli ATCC 11229 are presented in 
Figure 5-4.  
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Figure 5-4  Rate of light repair (log recovery per hour) of E. coli ATCC 11229 under 
conditions of varying fluorescent light and sunlight intensities following LP and 
MP UV disinfection. Low sunlight intensity refers to intensities < 12 kLux for LP UV 
experiments and < 5 kLux for MP UV experiments. High sunlight intensity refers to 
intensity ranging from 12-80 kLux for LP UV experiments and 5-70 kLux for MP UV 
experiments. 
 
It is evident that the initial repair rate increased with fluorescent light intensity, because 
with a higher light intensity, there was more energy per unit time available for photolyase 
to utilize for dimer splitting. It can also be seen in Figure 5-4 that the initial 
photoreactivation rate of the UV-irradiated cells was much greater when exposed to 
sunlight than when exposed to fluorescent light. This is likely because of the broad 
spectrum of UV-A radiation present in sunlight which allowed photolyase to utilize 
energy from a variety of wavelengths for photoreactivation. It is noted that the high repair 
rates applied for high intensity sunlight as well. For high sunlight intensity, the final 
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recovery values were the same as that for fluorescent light intensity at 6 kLux, but the 
photoreactivation rate with high intensity sunlight was almost 50% higher than that for 6 
kLux of fluorescent light. This is because most of the dimer repair took place within the 
first hour of light exposure, where the disinfection effects have not yet set in. Therefore, 
within the first hour of exposure to sunlight, the changes in bacteria concentrations were 
most likely purely due to the effects of photoreactivation.   
 
The initial photoreactivation rates following LP and MP UV disinfection are also 
presented in Figure 5-4. The trend of higher photoreactivation rates with higher light 
intensity applied for photoreactivation following both types of disinfection. In addition, 
the photoreactivation rates at all light intensities tested in this study were always higher 
following LP than MP UV disinfection, except at 23 kLux where the photoreactivation 
rates were the same. 
 
5.5 Effect of temperature on photoreactivation 
In order to determine the effects of temperature on photoreactivation following LP and 
MP UV disinfection, irradiated E. coli suspensions were incubated at four different 
temperatures and enumerated hourly for 4 h. The results for this part of the study are 
summarized and presented in Table 5-2 and Figure 5-5.  
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Table 5-2  Comparison of repair rates of E. coli ATCC 11229 and ATCC 15597 
following LP UV disinfection and incubation under varying light and temperature 
conditions 
Repair rate of Escherichia coli strain 
(h-1) Photoreactivation Conditions 
ATCC 11229 ATCC 15597 
Varying light intensity at 23°C   
6 kLux 2.74 ± 0.68 3.76 ± 0.63 
11.5 kLux 2.77 ± 0.21 3.37 ± 0.64 
23 kLux 3.19 ± 0.33 3.69 ± 0.68 
Low sun (1-12 kLux) 4.42 ± 0.30 3.61 ± 0.24 
High sun (12-80 
kLux) 4.30 ± 0.21 4.25 ± 0.18 
   
Varying temperature at 11.5 
kLux   
4°C 2.41 ± 0.30 2.96 ± 0.35 
23°C 2.77 ± 0.21 3.37 ± 0.64 
37°C 2.26 ± 0.18 2.43 ± 0.42 
50°C 3.14 ± 0.31 4.18 ± 0.54 
 
Table 5-2 shows the photoreactivation rates when irradiated suspensions were incubated 
at different temperatures. Based on the data shown in this table, there does not seem to be 
any obvious trend or correlation between incubation temperature and the repair rates, 
implying that the photoreactivation rates were independent of temperature.    
 
The data in Figure 5-5 represent the percentage log recovery achieved by both E. coli 
strains following LP and MP UV disinfection, and after 4 h of incubation at different 
temperatures. It is apparent that the highest log recovery of 80% was only observed at 
temperatures of 23 and 37°C, while at temperatures of 4 and 50°C, the maximum log 
recovery attained was about 70%. 



























ATCC 11229 - LP ATCC 11229 - MP
ATCC 15597 - LP ATCC 15597 - MP
 
Figure 5-5  Percentage log recovery values of E. coli ATCC 11229 and E. coli 15597 
after LP and MP UV disinfection, followed by 4 h of incubation at various 
temperatures and constant light intensity of 11.5 kLux. 
 
The temperatures with the highest levels of photoreactivation coincided with the 
optimum growth temperature of E. coli, where the cells are most active and are able to 
carry out photoreactivation to the maximum extent. The optimum growth temperature of 
E. coli is at 37°C, and thus photoreactivation should have been the highest at this 
temperature. However, because UV irradiation was carried out at 23°C, a change in 
temperature from irradiation at 23°C to incubation at 37°C could have affected the 
survival of E. coli slightly (Harm, 1980). As such, the percentage log recovery achieved 
at 23°C was slightly higher than that at 37°C. At 4°C, the cells rapidly became inactive as 
the temperature deviated from the optimum growth temperature of the cells. As such, the 
recovery only occurred to a maximum of about 60%. Most of this repair occurred within 
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the first hour, where the temperature of the bacteria suspension was still not yet in 
equilibrium with the surrounding temperature. At 50°C, the percentage log recovery after 
4 h of incubation was also lower than that at the optimum temperature, and this could be 
due to thermal inactivation. It was previously reported that mild heat at 48°C could 
inactivate E. coli cells (Berney et al., 2006). This was confirmed with control 
experiments, where un-irradiated E. coli cells incubated at 50°C exhibited a 0.5 to 1-log 
decrease in numbers after 4 h, while there was no effect when the cells were incubated at 
the other temperatures. The data for the decrease in E. coli concentrations with incubation 


















Figure 5-6  Concentrations (log CFU/ml) of un-irradiated E. coli ATCC 15597 and 
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Chan and Killick (1995) reported that the photoreactivation rates of E. coli within the 
first hour of photoreactivation increased with temperature up to about 33°C, after which 
the rate started to decrease. This is different from our results and may be due to the 
following reason: In their study, the irradiated E. coli suspensions were mixed with 
reactivation medium before being placed in temperature-controlled water baths. The use 
of a different type of temperature control in the two studies may have accounted for the 
difference in results. In addition, the transfer of UV-inactivated cells from medium to 
medium in the previous study may have affected the photoreactivation characteristics. 
Salcedo et al. (2007) found that the survival of coliforms after LP UV disinfection 
increased as the temperature increased up to a temperature of 30°C, and the effects of 
higher temperatures were not investigated. Nevertheless, our results agree with Salcedo et 
al.’s (2007) study, since generally higher log recoveries at 23 and 37°C than at 4°C were 
demonstrated in this study (Figure 5-5).  
 
In the natural environment, water temperatures can be as low as 4°C during winter. Based 
on the results of this study, if UV-disinfected water is exposed to such low temperatures, 
or released in low-temperature waters, photoreactivation may not be so significant a 
problem. In tropical regions, however, water temperatures can lie between 25 and 35°C, 
where photoreactivation levels were the highest as evidenced in this study. 
Photoreactivation can significantly affect the final bacterial levels in the treated water, 
and this should be taken into account when calculating UV doses during the design of the 
UV systems.  
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5.6 Photoreactivation of E. coli ATCC 11229 vs E. coli ATCC 15597 
In this study, the LP and MP UV doses required to achieve a 5 log reduction of E. coli 
ATCC 15597 were 15 and 9 mJ/cm2, respectively. These doses were higher than those 
required for the same log reduction of E. coli ATCC 11229, which required UV doses of 
9.5 and 6 mJ/cm2, respectively. This suggests that ATCC 15597 was more UV-resistant 
than ATCC 11229. 
 
From Figures 5-1 and 5-2 and Table 5-1, it can be seen that the photoreactivation of both 
E. coli strains follow the same trend, with most of the recovery occurring within the first 
hour before leveling off. Both strains also achieved a maximum recovery of about 80%. 
These most likely represent the photoreactivation characteristics of E. coli strains in 
general. The effects of fluorescent light, sunlight, temperature and irradiation with 
different UV lamp types on the photoreactivation of both strains were similar as well.  
 
However, when the rates of photoreactivation are compared under most of the conditions 
tested in this study as shown in Table 5-2, ATCC 15597 appeared to photoreactivate at a 
higher rate than ATCC 11229 does. This confirms the findings from the indicator study 
(Chapter 4) that ATCC 15597 would be a suitable indicator for photoreactivation instead 
of the commonly used ATCC 11229. Based on the data provided in Table 5-2, the 
photoreactivation rates for ATCC 15597 were 7.5 to 37% higher than those of ATCC 
11229 under different photoreactivation conditions of light intensity and temperatures 
(except at low sunlight conditions). This shows that although the percentage log 
recoveries at the end of the photoreactivation experiments for both strains were similar, 
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the higher photoreactivation rates for ATCC 15597 imply a faster or more efficient 
photoreactivation mechanism within this strain. 
 
5.7 Summary 
The influence of light intensity and temperature on photoreactivation was investigated on 
E. coli ATCC 15597 (selected photoreactivation indicator) and E. coli ATCC 11229 
(commonly used strain in photoreactivation studies). Light intensity was found to have a 
more significant impact on photoreactivation as compared to temperature. 
Photoreactivation was found to increase with increased fluorescent light intensity, and at 
temperatures close to the optimum growth temperature of E. coli. For sunlight, higher 
repair rates were obtained with higher intensity sunlight, although final repair levels were 
suppressed due to the germicidal effects of sunlight. This suggests that the use of 
fluorescent light in photoreactivation studies can overestimate the final photoreactivation 
levels that occur in the natural environment in tropical regions. The design of UV 
systems to cater for photoreactivation should therefore also take into account the effects 
of sunlight available.  
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CHAPTER 6 IN VITRO EFFECTS OF UV RADIATION ON 
ESCHERICHIA COLI DNA PHOTOLYASE: IMPLICATIONS ON 
PHOTOREACTIVATION FOLLOWING UV DISINFECTION 
 
6.1 Background 
In the last two decades, the rising popularity of UV disinfection has led to the 
development of newer lamps in addition to the traditionally used LP UV lamps, one of 
which is the MP UV lamp. Due to its higher intensity, fewer MP UV lamps are required 
to achieve the same level of disinfection as LP UV lamps, so that the space savings are 
afforded by the use of MP UV lamps. This has resulted in its rapid acceptance for use in 
many commercial UV disinfection reactors. Among the advantages that MP UV 
disinfection poses, one of the most important is that of photoreactivation suppression. In 
recent years, photoreactivation of E. coli following MP UV disinfection was found to be 
lower than that following LP UV disinfection, suggesting that MP UV disinfection may 
offer an advantage in photoreactivation control (Oguma et al., 2002; Zimmer and 
Slawson, 2002; Hu et al., 2005). In fact, Oguma et al. (2002) and Zimmer and Slawson 
(2002) both reported that photoreactivation was negligible when MP UV disinfection was 
used.  
 
Many researchers have proposed that the higher intensity and broader spectrum of the 
MP UV radiation could cause either extra DNA damage or damage to critical 
biomolecules other than DNA. Damage to biomolecules, in particular, can result in 
improper functioning of the cells, and prevent the microorganisms from regaining 
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viability. Of the biomolecules present in the E. coli cell, the one that is most critical for 
photoreactivation is photolyase, without which the process cannot be performed. 
Photolyase has a characteristic absorption maximum at 384 nm, and also a maximum at 
280 nm which is associated with proteins and enzyme. These wavelengths are emitted by 
MP UV lamps, but not LP UV lamps. Therefore, it is likely that the absorption of MP UV 
radiation by photolyase could have impaired its ability to perform photoreactivation by 
affecting its activity level or biological function.  
 
However, there is currently no evidence so far to prove or disprove the hypothesis of 
photolyase damage by MP UV radiation and the research on this is very limited. It is thus 
the aim of this study to investigate the effects of LP and MP UV radiation on photolyase 
activity by utilizing a spectrophotometric assay developed to measure dimer repair by 
photolyase, and also to elucidate the mechanisms by which photoreactivation suppression 
can occur when microorganisms are exposed to MP UV radiation, in comparison to LP 
UV radiation. The spectrophotometric assay was chosen because it is simple in its 
application, sensitive to small changes in dimer repair abilities and allows for rapid 
detection of photolyase activity. Further to this, various wavelengths in MP UV radiation 
were selected and used to evaluate if they had any effect on photolyase’ ability to repair 
dimers. This would help to identify any regions of interest in MP UV radiation that could 
be responsible for photoreactivation suppression. The implications of the results obtained 
with regards to photoreactivation are also discussed. 
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6.2 Characteristics of purified photolyase 
Due to the low number of photolyase molecules in E. coli cells, the photolyase used in 
this study was purified from a photolyase-overproducing strain. During the purification 
process, samples taken and analyzed using SDS-PAGE showed increasing concentrations 
of a protein with a molecular weight of approximately 50 kDa (by comparing with 
molecular weight standards). The electrophoresis gel image is as shown in Figure 6-1.  
 
 
Figure 6-1  SDS-PAGE image showing presence of photolyase in various steps of 
purification. Lane 1: Marker; Lane 2: Cell lysate; Lane 3: Crude extract; Lane 4: 
(NH4)2SO4 precipitate; Lane 5: After chromatography; Lane 6: After dialysis into storage 
buffer; Lane 7: Marker. The dotted section indicates the position of photolyase. 
 
The molecular weight obtained from the analysis of the gel image is close to the 
molecular weight of E. coli photolyase reported in literature (Sancar and Sancar, 1988), 
which was calculated based on nucleotide sequence of the phr gene. This in effect allows 
the tracking of the purification process to ensure that the protein being extracted and 
concentrated was indeed photolyase. However, it has been reported that during the 
purification process, the FAD radical in photolyase can undergo sequential oxidation and 
may then exist in different oxidation states at the end of the process - either a stable 
Chapter 6   UV Radiation Effects on Photolyase 
139 
neutral blue (FAD) radical or further oxidation to yield a fully oxidized yellow flavin 
radical. The activity of photolyase with the blue radical is much higher than if it contains 
the yellow radical (Jorns et al., 1987). As such, it was important to ensure that the 
purified photolyase contained the neutral FAD radical. 
 
One of the ways to check the oxidation state of the purified enzyme is by visual 
confirmation. Throughout the purification process, the purified fractions were observed to 
be increasingly bluish-green in color, which indicated the presence of the blue radical. 
Nevertheless, to provide additional confirmation of the oxidation state of the flavin in the 
purified photolyase, the UV-VIS absorption spectrum was measured and is presented in 
Figure 6-2.  
 



















Figure 6-2  UV-VIS absorption spectrum of purified photolyase (diluted ten-fold 
with assay buffer). 
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Jorns et al. (1987) measured the absorption spectrum of the enzyme containing yellow 
FAD by oxidizing photolyase with sodium dodecyl sulfate (SDS), and a prominent peak 
at 450 nm was observed due to the oxidized flavin, with a corresponding decrease in the 
absorption peak at 384 nm. In comparison, the spectrum of the purified photolyase in this 
study exhibited an absorption maximum at around 384 nm and no prominent peak at 450 
nm, which is consistent of the absorption spectrum of photolyase containing the blue 
(FAD) radical (Sancar et al., 1987).  
 
6.3 Effect of UV radiation on photolyase activity 
Purified photolyase were exposed to various doses of LP and MP UV radiation and then 
mixed with dimer-containing oligonucleotide to observe the dimer repair ability of 
photolyase. During the experiments, it was observed that the dimer-repair rate was 
constant over the first 10 to 12 min after exposure to photoreactivating light (365 nm), 
after which the repair leveled off. Therefore, dimer repair activity was represented by the 
rates of dimer repair. The rates of dimer repair by LP and MP UV-irradiated photolyase 
are summarized in Figure 6-3.  
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Figure 6-3  Repair rates of photolyase exposed to varying doses of LP and MP UV 
radiation. Error bars represent the standard deviations of three to five experiments for 
each experimental condition. 
 
For photolyase exposed to LP UV radiation, the data shows that the rate of dimer repair 
was relatively constant up to about 10 mJ/cm2; the repair rates varied by only about 3% 
between 0.467 and 0.480 M dimer/M photolyase.min. When LP UV doses above 10 
mJ/cm2 were applied, the rate of dimer repair by the irradiated photolyase decreased 
significantly; at 40 mJ/cm2, the rate of dimer repair was only about 72% of that of un-
irradiated photolyase. This could be because photolyase has lower absorbance at 254 nm, 
the wavelength emitted by LP UV lamps, as compared to other wavelengths such as 384 
nm which is the absorption maximum of photolyase. As such, the ability of the irradiated 
photolyase to repair dimers will only be affected beyond a certain threshold dose (i.e., 10 
mJ/cm2). This is analogous to the multi-hit inactivation model (Harm, 1980), where a 
minimum number of hits are required before a microorganism (or in this case, the 
photolyase) is inactivated (or is destructed).  
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In contrast, photolyase that has been subject to MP UV irradiation showed a significant 
decrease of 20% in the rate of dimer repair even with a UV dose as low as 2 mJ/cm2.  The 
adverse effect of MP UV radiation on the dimer repair ability of photolyase continued 
until a UV dose of 10 mJ/cm2, after which the increase in UV dose did not appear to 
reduce the repair rate further. Again, this may be related to the absorption of UV 
radiation by photolyase. As MP UV lamps emit radiation with wavelengths ranging from 
220-400 nm, and photolyase has high absorption at some of these wavelengths (at 280 
and 384 nm), it is likely that the absorption of some of the wavelengths might have 
inflicted damage on photolyase, causing it to have reduced ability for dimer repair. It is 
likely that at UV doses greater than 10 mJ/cm2, the photolyase would have already been 
damaged to the maximum extent possibly caused by UV radiation, and as such, an 
increase in UV dose would not lead to further decrease in rate of dimer repair of the 
irradiated photolyase.  
 
It is thus obvious that the exposure of photolyase to UV radiation can adversely affect its 
activity by reducing its ability to repair dimers. As such this may be the reason why less 
photoreactivation of E. coli was observed following MP UV disinfection in previous 
studies using plate count methods (Zimmer and Slawson, 2002; Hu et al., 2005), where 
the UV doses applied were less than or equal to 10 mJ/cm2. However, at UV doses above 
10 mJ/cm2, photolyase exposed to LP UV radiation also started to show reduced dimer 
repair rates, although the repair rates were still higher than that for MP UV-irradiated 
photolyase. At the highest UV dose of 40 mJ/cm2 tested on photolyase in this study, the 
dimer repair rates for both LP UV-irradiated photolyase approached that of MP UV-
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irradiated photolyase. The data here suggests that at such high UV doses, 
photoreactivation following LP and MP UV disinfection would be similarly suppressed. 
This concurs with the findings in Chapter 4, where no photoreactivation was observed for 
both LP and MP UV doses of 60 mJ/cm2. Hence, it can be concluded that when high UV 
doses are applied, both LP and MP UV radiation can suppress the occurrence of 
photoreactivation to a similar extent. 
 
Only one previous study has attempted to detect photolyase activity following UV 
disinfection, but using the endonuclease sensitive site (ESS) assay (Oguma et al., 2002). 
In that study, E. coli DNA and photolyase were irradiated with MP UV lamps separately 
before mixing together for photoreactivation to take place. The ESS assay was then 
applied to the E. coli DNA after 45 min of photoreactivation to quantify the amount of 
dimers left in the irradiated DNA. It was concluded in that study that there was no 
difference in the amount of dimers repaired by photolyase in vitro, whether or not the 
enzyme was exposed to MP UV radiation, and that MP UV radiation did not directly 
impact the ability of photolyase to repair dimers. However, the results in this study do not 
concur. As demonstrated by the data in Figure 6-3, there was a significant decrease in 
dimer repair rates following MP UV radiation; even at a low UV dose of 2mJ/cm2, the 
dimer repair rate was 20% lower than that of the unexposed photolyase. There may be 
two main reasons for the difference in conclusions drawn between these two studies.  
 
Firstly, the substrate used in the ESS assay was dimer-containing E. coli DNA. 
According to literature, a maximum of only 7% dimers could be formed with DNA 
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(Patrick and Rahn, 1976). Moreover, irradiation of DNA could have resulted in not only 
thymine dimers, but also other photoproducts such as the 6-4 photoproducts which are 
not the target products for photolyase. In the spectrophotometric assay, an 
oligonucleotide consisting of only thymine monomers was irradiated so that 45% of the 
monomers were converted to dimers. The higher concentration of dimers used and the 
absence of interferences from other photoproducts in the substrate for the 
spectrophotometric assay allowed for a more sensitive detection of photolyase activity.  
 
Secondly, in the ESS assay, the substrate was monitored for repair after 45 min. In 
contrast, for the spectrophotometric assay, the repair of dimers (whether it was irradiated 
or not) was monitored every 2 min, and the repair was found to be complete within 20 
min (see Figure 3-7). As such, both the irradiated and un-irradiated photolyase would 
show the same level of dimer repair when detected using the ESS assay as it only 
monitors the final repair level. On the other hand, the spectrophotometric assay used in 
this study monitored the rate of dimer repair so that the reduction in MP UV-irradiated 
photolyase activity could be distinctly observed. 
 
The results in Figure 6-3 have strongly indicated that the rate of dimer repair by 
photolyase decreased with exposure to UV radiation. This can be due to either 
irreversible structural damage or reversible oxidative damage to photolyase. Most 
proteins lose their biological functions completely and irreversibly when structural 
damage occurs. For the case of photolyase exposed to UV radiation, the results here have 
shown that their function was merely impaired, but not lost. As such, oxidation of the 
Chapter 6   UV Radiation Effects on Photolyase 
145 
FAD is most likely to be the reason for the drastic reduction in the activity of UV-
irradiated photolyase. This hypothesis of oxidative damage to photolyase would be 
consistent with the results in Figure 6-3, as oxidation usually takes place at higher UV 
doses. The high intensity of MP UV radiation would most probably be more destructive 
than LP UV radiation, resulting in more damage to photolyase so that its rate of dimer 
repair was lower. 
 
6.4 Effect of UV radiation on photolyase activity in the presence of dithiothreitol 
Previous studies on photolyase have found that only the fully reduced flavin can be active 
in photoreactivation (Weber, 2005), and that photolyase containing the oxidized flavin 
showed lower dimer repair rates, although its activity can be restored by reducing the 
oxidized flavin chemically (Jorns et al., 1987). To confirm the hypothesis that UV 
radiation inflicts oxidative damage on photolyase which is reversible, 5 mM of 
dithiothreitol (DTT) was added into UV-irradiated photolyase solutions before measuring 
its dimer repair activity using the spectrophotometric assay.  DTT, or Cleland’s reagent, 
is a reducing agent used to stabilize enzymes and has been shown to restore activity to 
enzymes whose activities have been impaired due to the oxidation of certain functional 
groups (Durchschlag, 2001). The dimer repair results with UV-irradiated photolyase 
reduced with DTT are presented in Figure 6-4.  
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Figure 6-4  Repair rates of photolyase exposed to varying doses of LP and MP UV 
radiation, and chemically reduced by the addition of 5 mM DTT. Error bars 
represent the standard deviations of three to five experiments for each experimental 
condition. 
 
In Figure 6-4, it can be seen that the rate of dimer repair remained constant with increase 
in the UV doses applied. This suggests that with the addition of DTT, the irradiated 
photolyase was unaffected by UV radiation even at UV doses of up to 40 mJ/cm2, where 
up to 35% decrease in the dimer repair rate was observed previously in Figure 6-3 when 
no DTT was added. There was also no significant difference in the dimer repair rates of 
LP- and MP-UV irradiated photolyase after the addition of DTT. 
 
Table 6-1 summarizes the dimer rates of photolyase exposed to 10 mJ/cm2 of LP and MP 
UV radiation, with and without DTT addition. It is evident that there is a notable 
difference in the dimer repair rates of photolyase irradiated with the two types of UV 
lamps when no DTT was present. The addition of DTT eliminated the difference, so that 
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the dimer repair rates were similar whether the photolyase was exposed to LP or MP UV 
radiation. 
 
Table 6-1  Rate of dimer repair of LP- and MP-UV irradiated photolyase with and 
without DTT addition 
Rate of dimer repair for irradiated photolyase exposed to 
UV dose of 10 mJ/cm2 (M dimer/M photolyase.min)  Experimental condition 
LP UV irradiated MP UV irradiated 
Without DTT addition 0.667 ± 0.089 
(97%) 
0.446 ± 0.030 
(65%) 
With addition of 5mM DTT  1.815 ± 0.203 
(117%) 
1.758 ± 0.151 
(113%) 
* Values in brackets denote the rate of dimer repair as a percentage of that of un-irradiated photolyase 
under the same experimental conditions.  
 
The data in Figure 6-4 and Table 6-1 suggests that the damage to photolyase caused by 
UV radiation was reversible by the addition of a reducing agent, and provides evidence 
that the damage to photolyase was due to oxidation of the flavin, which in turn caused the 
reduction in the dimer repair rates. It can also be seen from the table that the repair rate of 
both LP- and MP-UV irradiated photolyase was more than two times higher than that 
before the addition of DTT. This is most likely because DTT fully reduced the flavin to 
its catalytically active state so that higher activity levels were achieved. In addition, the 
presence of DTT could also have prevented further oxidative damage during 
photoreactivation when the photolyase solution was exposed to photoreactivating light at 
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365 nm. The various redox states of the flavin are depicted in Figure 6-5, showing how 
oxidation and reduction of the flavin in photolyases can be achieved. 
 
 
Figure 6-5  The various redox states of the 7,8-dimethyl isoalloxazine moiety of 
FAD (Weber, 2005). 
 
 
6.5 Effect of wavelengths in MP UV radiation on photolyase activity 
One of the main differences between LP and MP UV radiation is the spectrum. LP UV 
radiation is monochromatic at 254 nm, while MP UV radiation consists of many different 
wavelengths ranging from 200 to 400 nm. Therefore, when Oguma et al. (2002) and 
Zimmer and Slawson (2002) reported on the photoreactivation suppression effects of MP 
UV radiation, many researchers attributed the effects to the polychromatic MP UV 
radiation. In earlier sections, it was confirmed that photolyase’s dimer repair activity 
decreased with exposure to MP UV radiation. This however, still does not provide 
sufficient information on MP UV radiation’s photoreactivation suppression effects. 
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Another area of interest now is to identify the wavelengths which are responsible for the 
reduction in dimer repair rate by MP UV-exposed photolyase, so as to understand the 
effects of MP UV radiation on microorganisms and their photoreactivation processes.  
 
In this section, photolyase purified from E. coli was exposed to various wavelengths 
which were selected and filtered from MP UV radiation. These wavelengths were 
selected based on the emission peaks of the spectrum of the MP UV lamp and the 
absorption spectrum of photolyase. This is because in order to achieve maximum damage 
to the photolyase, not only must the particular wavelength be emitted by MP UV lamps at 
a relatively high intensity, photolyase must also be able to absorb the radiation at that 
particular wavelength. In Figure 6-6, the overlapping spectra from the MP UV lamp 
emission and the absorption of photolyase show that the maximum absorption of 
photolyase is at 280 nm where an emission peak is observed for the MP UV lamp, while 
high emission peaks were found at 266 and 365 nm. There was also significant 
absorption at these wavelengths by photolyase, so they were chosen for this study. 
Similarly, although wavelengths above 400 nm are emitted by MP UV lamps, they were 
not taken into consideration since the absorption by photolyase at these wavelengths was 
negligible. In addition, the wavelength of 254 nm was also chosen to be filtered from MP 
UV radiation and tested in order that comparisons between 254n m wavelength emitted 
by the MP and LP UV lamps could be made. 
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Figure 6-6  UV-VIS absorption spectrum of purified photolyase (dashed line) and 
emission spectrum of MP UV lamp (solid line). 
 
The spectral emission of the MP UV radiation filtered with various optical bandpass 
filters are shown in Figure 6-7. The 254, 266 and 280 nm filters had peak transmissions 
of 12%, while the 365 nm filter had a higher peak transmission of 25%, so the filtered 
intensity of each wavelength was between 3 to 10 times lower than that present in the MP 
UV radiation itself. This was because some of the radiation would have been absorbed by 
the filter, and the filter themselves have a low transmission, especially the filters for 
wavelengths below 300 nm. The results of dimer repair by photolyase exposed to these 
filtered radiation are presented in the subsequent sections.  
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Figure 6-7  Emission spectra of MP UV radiation filtered with (A) 266 nm (solid 
line) and 365 nm (dashed line) and (B) 254 nm (solid line) and 280 nm (dashed line) 
optical bandpass filters.  
 
 
6.5.1 Varying intensities of filtered radiation 
Photolyase was irradiated with different intensities of selected wavelengths filtered from 
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Figure 6-8  Dimer repair rates of photolyase exposed to various doses and 
intensities of MP UV radiation filtered with (A) 254 nm, (B) 266 nm, (C) 280 nm and 
(D) 365 nm optical bandpass filters. Error bars represent standard deviations of three 
to five experiments. 
 
The purpose of testing different intensities was to investigate if the intensities of the 
inactivating light would affect the dimer repair ability of photolyase. Analysis of the data 
obtained for the filtered wavelength of 254 nm using statistical methods revealed that 
there was no significant difference in the dimer repair rates of photolyase exposed to the 
two intensities of 0.05 and 0.10 mW/cm2 that were investigated (analyzed by t-test, P = 
0.64). Applying the same analytical method to the other two wavelengths, it was found 
that there was also no difference in dimer repair rates of photolyase irradiated with the 
C D 
A B 
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intensities of 0.05 and 0.10 mW/cm2 tested for 266 nm (analyzed by t-test, P = 0.24), and 
intensities of 0.03 and 0.05 mW/cm2 for 280 nm (analyzed by t-test, P = 0.82). This 
indicates that within the range of intensities investigated for the study, the rate of dimer 
repair by photolyase was not affected by the intensity of the radiation. However, the data 
for these wavelengths (Figures 6-7A to 6-7C) indicated that there is a slight decrease in 
dimer repair rates of between 8 and 25% as compared to the unexposed photolyase, i.e., 
at UV dose of 0 mJ/cm2. This suggests that the exposure of photolyase to these 
wavelengths in vitro did cause an adverse effect in the ability of photolyase to repair 
dimers. Even thought the effect was small, it must be noted that the intensities of the 
wavelengths investigated in this study are limited by the transmission of the optical 
bandpass filter, and are therefore much lower than those encountered in un-filtered MP 
UV radiation. It is likely that the presence of higher intensity radiation may result in a 
greater decrease in the dimer repair rate of irradiated photolyase. 
 
Due to the relatively higher transmission of the optical bandpass filter for 365 nm 
radiation (25% for this filter compared to 12% for the rest of the filters), higher intensities 
were obtained for this wavelength. Therefore, for photolyase exposed to 365 nm radiation 
filtered from MP UV radiation, three intensities were tested (0.05, 0.10 and 0.20 
mW/cm2). Analysis of the data from Figure 6-7D with statistical methods show that there 
is a difference in the dimer repair rates at different intensities and different UV doses 
applied (P = 0.18, tested by ANOVA). At the lowest intensity of 0.05 mW/cm2, exposure 
to radiation at 365 nm increased the dimer repair rates of photolyase with increasing UV 
dose, indicating that the dimer repair activity of photoloyase was enhanced with exposure 
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to this particular intensity of 365 nm. As the intensity was increased to 0.10 mW/cm2, the 
dimer repair rates increased at 5 mJ/cm2, and then decreased slightly when higher UV 
doses were applied. For the highest intensity of 0.20 mW/cm2, the dimer repair rates only 
showed a decrease with increasing UV doses up to 21% at the highest UV dose tested (20 
mJ/cm2). The data here concurs with other studies which reported that the 
photoreactivation enzyme (or photolyase) was destroyed by 365 nm radiation in 
Escherichia coli at high UV doses of above 2 × 105 mJ/cm2 (Tyrell et al., 1973; Brown, 
1978). However, the enhancing effects of 365 nm as observed at 0.05 mW/cm2 was not 
present at the highest intensity. Hence, results here suggest that the effect of 365 nm 
radiation on photolyase was highly dependent on the light intensity, where higher UV 
intensities and higher UV doses reduced the ability of photolyase to perform dimer repair.  
 
6.5.2 Varying wavelengths at fixed intensity 
The dimer repair rates of photolyase exposed to the various wavelengths filtered from 
MP UV radiation at the intensity of 0.05 mW/cm2 are shown in Figure 6-9. Due to the 
differences between the dimer repair rates of un-irradiated photolyase at each 
wavelength, the dimer repair rates were normalized, with the repair rate of un-irradiated 
photolyase set at 100%. This allowed for a more convenient and effective way of 
comparing data across the different conditions tested.    
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Figure 6-9  Dimer repair rates of photolyase exposed to various doses of MP UV 
radiation filtered with different bandpass filters at a fixed intensity of 0.05 mW/cm2. 
Dimer repair rates are expressed as a percentage of photolyase not exposed to UV 
radiation. Error bars represent standard deviations of three to five experiments. 
 
Based on the trends observed in Figure 6-8, it is obvious that the dimer repair rates 
decreased when exposed to wavelengths less than 300 nm, while photolyase exposed to 
radiation at 365 nm exhibited increased dimer repair rates. This might be attributed to the 
energy requirements for photoreactivation, where light energy between 300-500 nm is 
utilized by photolyase for the process. In particular, photolyase has an absorption 
maximum at 384 nm, which is close to the wavelength of 365 nm (see Figure 6-5, dashed 
line). Therefore, exposure to low-intensity light energy at 365 nm was likely to aid in the 
photoreactivation process. 
 
In addition, Figure 6-9 shows that the shortest wavelength of 254 nm resulted in the 
lowest rate of dimer repair by photolyase, while the repair rates of photolyase exposed to 
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266nm and 280nm were quite similar. A possible reason for this may be that the shorter 
wavelengths have higher energy photons which, when absorbed by photolyase, can result 
in greater damage to the enzyme, thereby slowing its ability to perform dimer repair. 
 
The results obtained here are consistent with the conclusions of Oguma et al. (2001; 
2005) who investigated wavelengths at 230, 254 and 300 nm and concluded that 
wavelengths less than 300 nm were responsible for the suppressed photoreactivation 
observed with the full MP UV radiation spectrum. It was, however, difficult to directly 
compare results from Oguma et al.’s (2001; 2005) studies with the current one due to 
different methodologies employed, as discussed in Section 6.3. In any case, it must be 
noted that when comparing the effects of the different wavelengths on photolyase dimer 
repair activity, only a single intensity was used. Photolyase exposed to 365 nm radiation 
was found to exhibit both enhanced and reduced dimer abilities depending on the 
intensity of the radiation used. The dimer repair rate of photolyase exposed to 365 nm at 
a high intensity of 0.20 mW/cm2 was also found to reduce with increasing UV doses, 
which is similar to the effects at other wavelengths. Therefore, it is important to keep in 
mind that in practice, the intensity of MP UV radiation is typically much higher than 
those investigated here, and therefore, all the wavelengths present in MP UV radiation 
are likely to take an active part in decreasing the dimer repair rate of photolyase, thereby 
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6.6 Comparison of photolyase activity following exposure to LP, filtered and full-
spectrum MP UV radiation 
 
In Figure 6-10, the dimer repair rates of photolyase irradiated with MP UV-filtered 254 
nm radiation were compared to that irradiated with LP UV radiation (254 nm) and the 
full MP UV radiation (200-400 nm). 
 








































Figure 6-10  Dimer repair rates of photolyase exposed to LP UV radiation, MP UV 
radiation filtered with a 254 nm optical bandpass filter, and full spectrum MP UV 
radiation, expressed as a percentage of dimer repair rates of photolyase not 
exposed to UV radiation. Error bars represent the standard deviations of three to five 
experiments. 
 
In Figure 6-10, the intensities of the LP UV radiation and the 254 nm radiation filtered 
from the MP UV lamp were 0.045 and 0.05 mW/cm2, respectively. Although the 
intensities were similar, the response of the irradiated photolyase was markedly different 
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between the two types of radiation. For LP UV irradiation, dimer repair by photolyase 
was performed at the same rate up to a UV dose of 5 mJ/cm2, after which the repair rate 
decreased to only about 70% that of the un-irradiated photolyase. When exposed to MP 
UV-filtered 254 nm radiation, the dimer repair rate of photolyase decreased continuously 
with UV dose, similar to the trend of MP UV irradiated photolyase. One reason for this 
may be because the filtered radiation contains a few additional peaks at 250, 260 and 266 
nm (other than 254 nm), which together may have accounted for the additional decrease 
in dimer repair rates as compared to the LP UV irradiated photolyase (see Figure 6-6). It 
can also be seen from Figure 6-9 that photolyase exposed to MP UV radiation exhibited 
the lowest rates of dimer repair at each UV dose. This suggests that the simultaneous 
exposure of photolyase to radiation of different wavelengths could contribute to a greater 
decrease in dimer repair ability of photolyase than exposure to a single wavelength. This 
is consistent with the conclusions of Oguma et al. (2005) who concluded that 
photoreactivation suppression by MP UV radiation was attributed to exposure to a broad 
spectrum of wavelengths.  
 
6.7 Summary  
With the rise in the use of MP UV disinfection as a disinfectant, it is of great interest to 
investigate the phenomenon of photoreactivation suppression by MP UV radiation. This 
study has confirmed that there is a significant difference in the dimer repair rates of 
photolyase exposed to LP and MP UV radiation in vitro, with MP UV radiation causing a 
greater reduction in dimer repair rates. These reduced dimer repair rates, imply that 
photoreactivation will be reduced following MP UV disinfection, and this concurs with 
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the data from the cellular and molecular studies in Chapters 4 and 5. Further investigation 
revealed that this could be due to the oxidation of the FAD radical in photolyase, 
resulting in decreased catalytic activity. Finally, it was found that wavelengths lower than 
300 nm were more likely to adversely impact dimer repair activity of photolyase than 
other wavelengths, although at high intensities (> 0.1 mW/cm2), 365 nm radiation could 
also bring about the same effects. Rather than a single wavelength, the photoreactivation 
suppression by MP UV radiation was attributed to the simultaneous exposure of 
photolyase to a broad wavelength spectrum, leading to decreased dimer repair and 
subsequently lower photoreactivation levels. 
 160 
CHAPTER 7  CONCLUSIONS & RECOMMENDATIONS 
FOR FUTURE STUDY 
 
7.1 Conclusions 
DNA repair following UV disinfection can cause problems in the finished water, 
especially for pathogens in drinking water. It is therefore a critical aspect of UV 
disinfection that needs to be thoroughly investigated and understood. In this thesis, an in-
depth examination of both UV disinfection and DNA repair was conducted. 
 
Firstly, the study focused on the UV inactivation, photoreactivation and dark repair 
abilities of various strains of the indicator bacterium, E. coli. All strains were found to be 
readily inactivated with LP and MP UV radiation, with a 4-log inactivation requiring UV 
doses ranging from 4.5 to 13 mJ/cm2. The most resistant strains are the bacteriophage 
hosts (ATCC 15597 and ATCC 700891). MP UV radiation was also observed to achieve 
a higher level of log inactivation at the same doses as LP UV radiation. The E. coli 
strains tested also showed a wide range of photoreactivation and dark repair abilities. The 
highest photoreactivation level was about 85% (4.5-log repair), while dark repair was 
significantly lower with the highest dark repair level observed to be only about 25% (1-
log repair). Based on the final repair levels and repair rates, E. coli ATCC 15597 and 
ATCC 11229 were identified as the photoreactivation and dark repair indicators, 
respectively. These indicators were found to be able to represent the photoreactivation 
and dark repair of a pathogenic E. coli O157:H7 strain (CCUG 29188) under both LP and 
MP UV disinfection, and may be very useful for future repair studies in order to obtain 
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more meaningful comparisons across different studies. In addition, photoreactivation was 
found to be eliminated under the conditions of the study with the application of a UV 
dose of 60 mJ/cm2. Therefore, in order to prevent photoreactivation, a minimum UV dose 
of 60 mJ/cm2 should be applied for drinking water disinfection. Other than the cellular 
level results, the investigations were taken a step further to the molecular level by 
examining DNA. The results showed that dimers were present after LP and MP UV 
irradiation, and that dimers were continuously being repaired throughout incubation 
period after irradiation. The molecular level study also served to confirm the trends 
observed in the cellular level study. 
 
Photoreactivation was found to be highly influenced by photoreactivating light intensity, 
where higher fluorescent light intensities led to higher photoreactivation levels. Recovery 
levels of about 66-85% (for LP UV disinfection) and 54-72% (for MP UV disinfection) 
were achieved with fluorescent light intensities ranging from 6 – 23 kLux. 
Photoreactivation levels of E. coli ATCC 11229 and 15597 following exposure to low 
intensity sunlight were found to fall within the range of fluorescent light exposure (75% 
and 81% for LP UV disinfection and 59% and 65% for MP UV disinfection). However, 
photoreactivation with high intensity sunlight (> 12 kLux) can lead to about a 1-log 
decrease in photoreactivation levels due to its germicidal effects. This suggests that 
photoreactivation studies with fluorescent light may overestimate the photoreactivation 
levels in the natural environment, especially in the tropical regions where sunlight 
intensity is high. The analysis of repair rates also found that with sunlight, repair rates 
were up to 1 log h-1 higher than with fluorescent lights, since germicidal effects have not 
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yet set in. Therefore, for investigations of photoreactivation within a short period of time 
(< 1 h), fluorescent light studies would not represent the conditions that are taking place 
in the natural environment as well. In addition to light intensity, the water temperature 
was found to affect photoreactivation, although the effect is of a smaller extent than light 
intensity. Generally, slightly higher photoreactivation levels of up to 85% repair were 
observed at temperatures between 23 and 37°C which are close to the optimum growth 
temperature of the bacteria and which are similar to the water temperature of treated 
water in tropical countries. However, initial repair rates (within 1st hour of irradiation) 
were shown to be the highest at a temperature of 50°C, while the repair rates at the other 
temperatures were similar. Therefore, as UV disinfection becomes increasingly popular 
worldwide, it is important to take into account the amount of light that the treated water 
can potentially be exposed to and the temperature of the water, during the design of the 
UV reactors and calculation of the applied UV doses. This will ensure that minimum 
photoreactivation takes place so that the microbiological quality of the water does not 
deteriorate.  
 
In this study, MP UV disinfection was found to result in lower photoreactivation levels 
than LP UV disinfection, suggesting that the E. coli cells had sustained additional 
damage from MP UV radiation. A molecular-level study on the DNA of E. coli also 
showed that the molecular length of UV-irradiated E. coli DNA was shorter with MP UV 
radiation exposure than with LP UV disinfection, which implied that photoreactivation 
following MP UV disinfection was less effective. In the sub-cellular study conducted 
with photolyases, the ability of photolyase to repair dimers was found to decrease when 
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exposed (in vitro) to MP UV radiation (dimer repair rates decreased by up to about 30%), 
and also to LP UV radiation at doses greater than 10 mJ/cm2. In addition, the addition of 
a reducing agent, dithiothreitol (DTT), resulted in the restoration of the dimer repair 
ability of photolyase; there was no significant difference between the dimer repair rates 
of irradiated and un-irradiated photolyases after the addition of DTT. The findings here 
suggest that exposure of photolyase to MP UV radiation and relatively high LP UV (> 10 
mJ/cm2) doses result in the oxidation of the photolyase to a catalytically less active form, 
so that the dimer repair rates were reduced and imply that subsequent photoreactivation 
would be affected. This confirms the data from cellular studies in this study, where MP 
UV-irradiated E. coli cells demonstrated lower photoreactivation ability than LP UV-
irradiated cells.  
 
Selected wavelengths from MP UV radiation were assessed for their effects on the ability 
of photolyase to repair dimers in vitro. All the wavelengths were found to decrease dimer 
repair rates of photolyases; the highest decrease in repair rates at the various intensities 
tested were 23.1%, 8.2%, 12.1% and 20.6% for 254, 266, 280 and 365 nm filtered 
radiation, respectively. For 254, 266 and 280 nm filtered radiation, the various intensities 
tested in this study did not affect the dimer repair rates. However, for 365 nm radiation, 
the exposure of photolyase to various intensities yielded enhanced dimer repair (at low 
intensity of 0.05 mW/cm2) and decrease in dimer repair rates of up to 20.6% at the 
highest tested intensity of 0.2 mW/cm2. In addition, at the same intensity of 0.05 
mW/cm2, the shorter wavelengths (< 300 nm) adversely affected the dimer repair rates 
more significantly (decrease by up to 23.1%) than longer wavelengths (i.e. 365 nm where 
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repair rate increased by 7%). This was attributed to the higher energy photons present in 
short wavelength radiation. Interestingly, UV radiation at 365 nm was found to enhance 
the dimer repair rate of photolyase at low intensities, most likely because it is close to the 
absorption maximum of photolyase (384 nm), and is utilized by photolyase for its energy 
requirements during dimer repair. However, at high intensities (> 0.1 mW/cm2), 365 nm 
radiation was observed to also lead to decrease in dimer repair activity, suggesting that 
the intensity of the radiation could play an important role in affecting dimer repair rates 
and ultimately decreasing the photoreactivation levels after UV disinfection. The study 
also concluded that rather than a single wavelength, the simultaneous exposure of 
photolyases to a broad wavelength spectrum (as in the case of MP UV disinfection) was 
able to suppress photoreactivation. 
 
Overall, the findings reported in this thesis provide information to enhance the 
knowledge of DNA repair following MP UV disinfection, which has been rather limited. 
It also offers one of the first evidences of photolyase damage by MP UV radiation, and 
offers an explanation of why photoreactivation following MP UV disinfection is lower 
than that following LP UV disinfection. In addition, it provides some insight towards 
how the photoreactivation mechanism can be affected by UV radiation, so that the 
process can be better understood. 
 
7.2 Limitations and Recommendations for Future Study 
In this thesis, the focus of the research was on photoreactivation of Escherichia coli, with 
an attempt to look at photoreactivation after UV disinfection from the angle of the 
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photolyase enzyme. Unfortunately, because the actual mechanism of photoreactivation in 
vivo is still not well understood, one major limitation of this study is that only in vitro 
studies could be conducted on photolyase, and to infer the in vivo mechanisms from these 
studies. In addition, due to the low transmission of UV radiation by the optical bandpass 
filters used in Chapter 6, high intensities of radiation at the different wavelengths could 
not be achieved. In view of these limitations, additional studies as described below could 
be conducted in the future to enhance the work conducted in this thesis. 
 
(a) Other than the environmental conditions of light intensity and temperature, other 
water characteristics could be investigated for their influence on photoreactivation 
and/or regrowth following UV disinfection. These can include nutrient levels in 
the water and pH. Although UV disinfection has been found to be unaffected by 
pH, the pH level of the finished water may affect the physiological state of the 
microorganisms and indirectly influence photoreactivation levels. 
(b) Photoreactivation was the main focus of this thesis because the levels of repair 
with photoreactivation are much higher than that with dark repair. However, in 
the distribution system, dark repair can play an important role as well, since there 
is limited exposure to light. It would be interesting to investigate the effects of 
temperature on dark repair as well, in order to evaluate how temperature in 
distribution systems can potentially affect the repair levels in the dark. 
(c) The indicator strains in this study were compared against the Escherichia coli 
O157:H7 strain, because it is the most common strain involved in outbreaks of 
waterborne diseases. However, it might be useful to further confirm the suitability 
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of the selected indicators by comparing their repair levels with those of other 
pathogenic bacteria strains. 
(d) Currently, LP and MP UV disinfection systems are the two commercially 
available reactors for drinking water disinfection. Pulsed UV disinfection is a 
relatively new technology that is still in its infancy and has not yet been 
commercialized for use in large scale disinfection plants. However, it will be 
extremely beneficial to investigate the potential photoreactivation and/or dark 
repair levels following pulsed UV disinfection, because the disinfection 
mechanism relies on high intensity pulses of radiation instead of the continuous 
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